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SUMMARY 
 
This study investigated the performance of moving bed membrane bioreactor (MBMBR) 
process for the treatment of domestic wastewater treatment in four phases. The contribution 
of the physio-chemical versus mechanical effects of bio-carriers on membrane fouling in the 
MBMBR was evaluated. Further, the treatment performance, membrane fouling behavior and 
microbial populations in the MBMBR process under different operating conditions were 
systematically investigated. In addition, the combination of bio-carriers scouring and 
backflush in membrane fouling minimization was also evaluated. 
Firstly, two types of MBMBRs (with and without bio-carriers scouring) were compared 
with a conventional membrane bioreactor (MBR) to investigate the effects of bio-carriers on 
membrane fouling for the treatment of real domestic wastewater. The results postulated that 
the MBMBR process could extend the membrane filtration duration. The scouring of the 
membrane surface by bio-carriers could effectively control membrane fouling, and the effects 
of bio-carriers on mitigation of membrane fouling relied more on the mechanical effects of 
bio-carriers scouring rather than the physio-chemical effects of mixed liquor suspension. The 
better membrane filtration performance achieved in the MBMBR than the MBR could be 
primarily due to the lower concentration of biopolymers, especially lower concentration of 
carbohydrates in the mixed liquor supernatant (MLS). In addition, it could also probably be 
attributed to the lower concentration of low molecular weight (LMW) compounds but not the 
lower concentration of mixed liquor suspended solids (MLSS). The results also suggested 
that the dominant fouling mechanism in the MBR and MBMBR was cake layer fouling, 
which could be significantly mitigated by the scouring effect of the bio-carriers. The 
mechanical effects of bio-carriers could enhance the shear force on the membrane surface. 
Not only the total suspended solids (TSS) but also the organic and inorganic matters in the 
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fouling cake layer were largely reduced by the scouring effect of the bio-carriers. The 
effective mitigation and controlling of the cake layer fouling contributed to the great 
enhancement of the membrane filtration performance, while the slow accumulation of the 
dissolved organic matters and the inorganic matters in the pore blocking and constriction 
(PBC) as well as their combined bridging effects might cause the final membrane fouling. 
Secondly, the effects of solids retention time (SRT) on the membrane fouling propensity, 
characteristics of mixed liquor suspension and bacteria populations were investigated. Both 
the MBR and MBMBR were able to achieve good organic removal efficiencies of over 90% 
chemical oxygen demand (COD) removal rates and excellent nitrification of over 99% NH4+-
N removal rates at all studied SRTs. The relative abundance of Nitrospira spp. could be 
largely affected by the SRT when it was between 10 and 20 d. Excellent nitrification could be 
achieved even with a relatively low Nitrospira spp. abundance of 2.0% at a SRT of 5 d. In 
addition, more Nitrospira spp. were found to develop in the attached biofilm than in the 
suspended biomass at the SRT of 5 and 10 d. Furthermore, the MBMBR could enhance 
membrane filtration performance than the MBR at all studied SRTs, and the mitigation of 
membrane fouling by the MBMBR was more pronounced at a shorter SRT. The better 
membrane filtration performance achieved by the MBMBR was attributed to the lower 
concentration of biopolymers, including lower concentrations of proteins and carbohydrates 
(MLSP and MLSC), and the lower concentration of LWM compounds in the MLS. However, 
the lower fouling propensity was found independent to the concentration of MLSS. Lower 
concentrations of carbohydrates and proteins achieved in the MLS of the MBMBR at all 
examined SRTs were probably attributed to a higher abundance of the uncultured genus 
(0.1.6.5.1.16.6) within the family Saprospiraceae. In addition, cake layer formation was 
found to be the dominant fouling mechanism in both the MBR and MBMBR. 
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Thirdly, the effects of bio-carriers filling ratio in the MBMBR were investigated. 
Excellent organic removal efficiencies were achieved in all the bioreactors. Compared to the 
MBR, total nitrogen (TN) removal was enhanced in the MBMBR at 20% of bio-carriers 
filling ratio (MBMBR20) with the growth of biofilm on the bio-carriers, and was further 
improved with higher bio-carriers filling ratio of 40% in the MBMBR (MBMBR40). Further, 
better membrane filtration performances were also achieved in the two MBMBRs. Higher 
bio-carriers filling ratio could mitigate membrane fouling to a greater extent. The analysis of 
mixed liquor suspension and membrane foulants revealed that the longer membrane filtration 
time achieved was associated with lower concentration of dissolved organic matters (DOMs) 
in the MLS. In addition, the effects of coarse bubble aeration on the treatment performance 
and membrane filtration behavior were also investigated by comparing with fine bubble 
aeration. The lower concentration of dissolved oxygen (DO) due to the coarse bubble aeration 
resulted in a higher TN removal by denitrification in the MBMBR. In addition, lower 
membrane fouling rate was achieved in the coarse bubble aeration due to the enhanced shear 
force, although it could lead to smaller bio-floc sizes and the release of extracellular 
polymeric substances (EPS) into the MLS. The mitigation of membrane fouling obtained was 
primarily attributed to the effective control of cake layer fouling especially the reduction of 
biopolymers in the cake layer.   
Lastly, the combination of bio-carriers scouring and backflush in membrane fouling 
minimization in the MBMBR was investigated. Both the scouring effect of bio-carriers and 
backflush could largely extend the membrane filtration duration. The backflush might play a 
more significant role in membrane fouling control in the early stage of filtration cycle, while 
the scouring effect of bio-carriers could control membrane fouling more effectively in the 
middle stage of the filtration cycle. The combination of bio-carriers scouring and backflush 
could alleviate membrane fouling to a greater extent. In addition, both the bio-carriers 
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scouring and backflush showed effective mitigation of cake layer fouling, while the fast 
accumulation of organic matters in the cake layer led to severe fouling in the MBMBR in 
which neither the bio-carriers scouring nor backflush was applied. With the combination of 
bio-carriers scouring and backflush in the MBMBR (MBMBRsc+bf), the cake layer fouling 
was further reduced and the accumulation of dissolved organic and inorganic matters in the 
PBC foulants was also retarded. Therefore, the combination of bio-carriers scouring and 
backflush could enable membrane to be operated with a longer duration and less frequency of 
chemical cleaning. A pilot study is recommended for future study to investigate the 
possibility of the chemical cleaning-free operation.  
 x | P a g e   
LIST OF TABLES 
 
Table 2.1. The operating conditions and treatment performances of the MBBR for industrial 
wastewater treatment ......................................................................................................... 8 
Table 2.2. The operating conditions and nitrification performances in the MBBR studies .... 10 
Table 2.3. Correlations between membrane fouling and polysaccharides concentration in 
relevant conditions ........................................................................................................... 23 
Table 2.4. The effects of SRT on EPS and SMP concentrations ............................................. 30 
Table 2.5. Effects of aeration on membrane fouling ............................................................... 36 
Table 2.6. Method of cleaning and control in relation to the type of fouling .......................... 40 
Table 3.1. Operating conditions of the MBR, MBMBR and MBMBRSC ............................... 47 
Table 3.2. Characteristics of the feedwater .............................................................................. 48 
Table 3.3. Concentrations of different organic fractions of MLS and permeate in the three 
bioreactors ........................................................................................................................ 57 
Table 3.4. Fouling resistance distribution (×1011 m-1 (%)) ...................................................... 61 
Table 3.5. The components of fouling cake layer (values (%)) ............................................... 62 
Table 3.6. Specific concentrations of different organic fractions in the cake layer and the PBC 
foulants of the three MBRs .............................................................................................. 65 
Table 3.7. Inorganic contents in the cake layer and PBC (mg/m2) .......................................... 67 
Table 4.1. Summary of pyrosequencing data for samples of the suspended biomass and 
attached biofilm ............................................................................................................... 74 
Table 4.2. Treatment performance of the MBR and MBMBR. ............................................... 75 
Table 4.3. Concentrations of different organic fractions of the SMP and permeate. .............. 84 
Table 4.4. Specific concentrations of different organic fractions in the cake layer................. 87 
 xi | P a g e   
Table 5.1. The operating conditions and TN removal efficiencies in the MBMBR studies 
treating domestic wastewater ......................................................................................... 101 
Table 5.2. Characteristics of the feedwater ............................................................................ 104 
Table 5.3. TN removal by cell assimilation and denitrification in all MBRs (Contribution in 
percentage) ..................................................................................................................... 106 
Table 5.4. Concentrations of different organic fractions of MLS and permeate in the three 
bioreactors ...................................................................................................................... 113 
Table 5.5. Fouling resistance distribution (×1011 m-1 (%)) .................................................... 113 
Table 5.6. Specific concentrations of different organic fractions in the cake layer and PBC 
foulants of the three MBRs. ........................................................................................... 114 
Table 5.7. Treatment performances between the fine and coarse bubble aeration in the MBR 
and MBMBR .................................................................................................................. 115 
Table 5.8. TN removal by cell assimilation and denitrification between the fine and coarse 
bubble aeration in the MBR and MBMBR (Contribution in percentage) ..................... 116 
Table 5.9. Concentrations of proteins and carbohydrates in the MLS ................................... 119 
Table 5.10. Fouling resistance distribution (×1011 m-1 (%)) .................................................. 119 
Table 5.11. The components of fouling cake layer (values (%)) ........................................... 120 
Table 5.12. Specific concentrations of different organic fractions in the cake layer ............. 120 
Table 6.1. Operating parameters of the MBMBRsc+bf, MBMBRbf, MBMBRsc and MBMBR
........................................................................................................................................ 125 
Table 6.2. The components of fouling cake layer (values (%)) ............................................. 130 
Table 6.3. Specific concentrations of different organic fractions in the cake layer and PBC 
foulants of the MBMBRsc+bf, MBMBRbf, MBMBRsc and MBMBR (mg/m2) .............. 131 
Table 6.4. Inorganic contents in the cake layer and the PBC foulants of the MBMBRsc+bf, 
MBMBRbf, MBMBRsc and MBMBR (mg/m2) .............................................................. 132 
 xii | P a g e   
LIST OF FIGURES 
 
Figure 2.1. The fouling affecting factors and controlling approaches (Meng et al., 2009). .... 13 
Figure 2.2. Comparison of several literatures about the effects of SRT on fouling rate (Meng 
et al., 2009). ..................................................................................................................... 27 
Figure 3.1. Schematic diagram of the three bioreactors used in the study: (a) the MBR, (b) the 
MBMBR, and (c) the MBMBRSC. ................................................................................... 47 
Figure 3.2. The procedure of membrane foulants extraction. .................................................. 50 
Figure 3.3. TMP profiles of the MBR, MBMBR and MBMBRSC. ......................................... 53 
Figure 3.4. Chromatographs of OC and UV for MLS in the three bioreactors. ...................... 56 
Figure 3.5. Concentrations of proteins and carbohydrates in the MLS and permeate (mg/L). 59 
Figure 3.6. Bacterial community composition between bulk sludge and cake layer at phylum-
level (phyla with abundance lower than 2% were assigned to “other”). ......................... 63 
Figure 4.1. Schematic diagram of the MBR and MBMBR. .................................................... 72 
Figure 4.2. TMP profiles of the MBR and MBMBR: (a) SRT 20 d; (b) SRT 10 d; (c) SRT 5 d.
.......................................................................................................................................... 78 
Figure 4.3. MLSS concentrations in the MBR and MBMBR ................................................. 80 
Figure 4.4. Specific EPS (mg/g MLVSS) and SMP (mg/L) concentrations. .......................... 82 
Figure 4.5. Membrane fouling resistance distribution. ............................................................ 86 
Figure 4.6. Correlation between the membrane filtration time with (a) SMPp (mg BSA/L) and 
SMPc (mg glucose/L) (b) Biopolymers (mg/L) and TOC of the MLS (mg/L) (c) EPSP 
(mg BSA/L) and EPSC (mg glucose/L) (d) Specific EPSp (mg BSA/g MLVSS) and 
Specific EPSc (mg glucose/g MLVSS) (number 1 to 6 in the figure represents the results 
obtained from the MBR SRT 5 d, MBMBR SRT 5 d, MBR SRT 10 d, MBMBR SRT 10 
d, MBR SRT 20 d and MBMBR SRT 20 d, respectively). ............................................. 89 
 xiii | P a g e   
Figure 4.7. Bacterial community compositions in suspended biomass and attached biofilm at 
phylum-level (phyla with abundance lower than 2% were assigned to “other”). ............ 91 
Figure 4.8. Bacterial community compositions in suspended biomass and attached biofilm at 
class-level (classes with abundance lower than 2% were assigned to “other”). .............. 93 
Figure 4.9. Bacterial community compositions in suspended biomass and attached biofilm (a) 
at family-level within class of Sphingobacteria (b) at genus-level within family of 
Saprospiraceae (families or genera with abundance lower than 2% were assigned to 
“other”). ........................................................................................................................... 95 
Figure 4.10. Neighbor-joining tree of 16S rRNA gene sequence similarity, showing the 
phylogenetic position of the detected strains in this study (OTU0306 and OTU0693) and 
strains in the previous reports (JQ791655, JQ791707, JQ791882, JQ791928 and 
JQ791958) as well as the known representative genera of family Saprospiraceae. ....... 96 
Figure 5.1. Schematic diagram of the three bioreactors used in the study: (a) the MBR, (b) the 
MBMBR20, and (c) the MBMBR40. ............................................................................... 103 
Figure 5.2. Variation of nitrogen concentration in the three MBRs: (a) NH4+-N concentrations 
in the influent and effluent, (b) concentrations of NO2--N and NO3--N in the effluent. 106 
Figure 5.3. TMP profiles of the MBR, MBMBR20 and MBMBR40. ..................................... 107 
Figure 5.4. Variations of the MLSS concentrations in the three MBRs. ............................... 109 
Figure 5.5. Concentrations of proteins and carbohydrates in the MLS and permeate (mg/L).
........................................................................................................................................ 111 
Figure 5.6. Chromatographs of OC and UV for MLS in the three bioreactors. .................... 112 
Figure 5.7. Comparison of membrane fouling behaviors between the fine and coarse bubble 
aeration in the MBR (MBRF and MBRC) and the MBMBR (MBMBRF and MBMBRC).
........................................................................................................................................ 117 
Figure 5.8. Bio-floc size distributions in the four MBRs. ..................................................... 118 
 xiv | P a g e   
Figure 6.1. Schematic diagram of the four operating modes. ................................................ 125 
Figure 6.2. TMP profiles of the MBMBRsc+bf, MBMBRbf, MBMBRsc and MBMBR. ......... 127 
Figure 6.3. Images of membrane and cake layer solution of the MBMBRsc+bf (day 80), 
MBMBRbf (day 34), MBMBRsc (day 76) and MBMBR (day 80). ................................ 128 
Figure 6.4. Membrane fouling resistance distribution. .......................................................... 129 
  
 xv | P a g e   
ABBREVIATIONS 
 
BOD - Biological oxygen demand 
CAS - Conventional activated sludge 
COD - Chemical oxygen demand 
DO - Dissolved oxygen 
DOC - Dissolved organic carbon 
DOMs - Dissolved organic matters 
EPS - Extracellular polymeric substances 
HRT - Hydraulic retention time 
LC-OCD - Liquid chromatography-organic carbon detector 
LMW - Low molecular weight 
MBBR - Moving bed biofilm reactor 
MBR - Membrane bioreactor 
MBMBR - Moving bed membrane bioreactor 
MLS - Mixed liquor supernatant 
MLSS - Mixed liquor suspended solids 
MLVSS - Mixed liquor volatile suspended solids 
OLR - Organic loading rate 
PBC - Pore blocking and constriction 
RC - Cake layer resistance 
Rm - Membrane resistance 
RPBC - Pore blocking and constriction resistance 
RT - Total resistance 
 xvi | P a g e   
SMP - Soluble microbial products 
SRT - Solids retention time 
TMP - Trans membrane pressure 
TN - Total nitrogen 
TOC - Total organic carbon 
TSS - Total suspended solids 
UF - Ultrafiltration 
 
  




1. Chen Fu, Xuejun Bi, How Yong Ng*, “Effects of bio-carriers on membrane fouling 
mitigation in moving bed membrane bioreactor”, Journal of membrane science, Vol  499, 
pp 134-142 (2016) 
2. Chen Fu, How Yong Ng*, “Membrane fouling between a membrane bioreactor and a 
moving bed membrane bioreactor: effects of solids retention time”, (Under preparation) 
3. Chen Fu, How Yong Ng*, “Comparison between the coarse and fine bubble aeration in 
moving bed membrane bioreactor”, (Under preparation)   
 
Conference proceedings 
1. Chen Fu and How Yong Ng*, “Comparison of Membrane Fouling between a Moving 
Bed Membrane Bioreactor and a Conventional Membrane Bioreactor”, The 2015 ASIA-
PACIFIC wastewater treatment and reuse conference, Singapore, Singapore. (2015) 
2. Chen Fu and How Yong Ng*, “Effects of Bio-carriers on Membrane Fouling in Moving 
Bed Membrane Bioreactor”, 24th Joint KAIST-KYOTO-NTU-NUS Symposium on 
Environmental Engineering, Taipei, Taiwan. (2015) 
3. Chen Fu and How Yong Ng*, “Comparison of Membrane Fouling between a Moving 
Bed Membrane Bioreactor and a Conventional Membrane Bioreactor”, 23rd Joint KAIST-
KYOTO-NTU-NUS Symposium on Environmental Engineering, Kyoto, Japan. (2014)  
4. Chen Fu and How Yong Ng*, “Effect of Bio-carriers on Membrane Fouling in Moving 
Bed Membrane Bioreactor”, The 7th IWA-YWP Conference, Taipei, Taiwan. (2014) 
5. Chen Fu and How Yong Ng*, “Comparison of Membrane Fouling between A Moving 
Bed Membrane Bioreactor and A Conventional Membrane Bioreactor”, The 2014 IWA 
 xviii | P a g e   
World Water Congress & Exhibition, Lisbon, Portugal. (2014) 
  
1| P a g e   
CHAPTER 1 INTRODUCTION 
 
1.1 Background 
As a result of the rapid growing population and worldwide urbanization, the 
imbalance between water demand and supply has caused a global issue of water 
scarcity. Recent reports from the European Commission warn that the global 
freshwater supply will be unable to meet the world water demand by year 2030 and 
this growing scarcity of resources has led to increased interests in wastewater 
recycling and reuse technologies. Factors such as water stress, cost of available water 
supplies, national and local-level regulatory environments, population trends and 
growing interests in green technologies will continue to drive this market for the 
foreseeable future. Though 70% of the Earth surface is filled with seawater, seawater 
desalination is less attractive due to relatively costly, energy consumptive and merely 
applicable in coastal regions. Therefore, water reclamation, as one of the alternative 
water sources, has become increasingly attractive.  
Among all the water reclamation solutions, reclamation of domestic wastewater 
with the reliable supply of water and lower cost is becoming increasingly attractive. 
However, the conventional activated sludge (CAS) process is inadequate to meet the 
stringent water quality requirement for water reuse purpose nowadays. As one of 
alternative technologies for replacing CAS, moving bed biofilm reactor (MBBR) has 
been widely employed with the advantages of lower footprint, higher specific biomass 
activity and better treatment performance (Ødegaard, 2006). The principle of MBBR 
is that the biomass attached to bio-carriers is able to move in the reactor with the 
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agitation provided by aeration (in aerobic reactors) or mechanical mixing (in 
anaerobic and anoxic reactors). With the aid of bio-carriers, washout of the biomasses 
could be reduced, allowing development of specific slow-growing microorganisms 
such as nitrifying bacteria (Randall and Sen, 1996). Furthermore, comparing with 
other biofilm processes such as fixed bed biofilm reactor, MBBR could avoid bed 
clogging by having a good mixing condition. As a result, high loading capacity of 
particulate matter is enabled due to efficient mass transfer (Welander et al., 1998). 
However, biomass in the MBBR is reported to have difficulty with settling as 
compared to CAS (Leiknes and Ødegaard, 2001).  
On the other hand, membrane technologies are still being developed in a rapid 
manner amongst the well-developed countries because membranes play an important 
role in producing excellent water for water reuse, improvement of water quality and 
protection of public health. Membrane technologies are believed to be very effective 
at reducing and eliminating unwanted contaminants and pollutants in the aquatic 
environment. Moreover, as clean and easily accessible water sources became scarcer, 
membrane processes have demonstrated to be a very reliable technology for water 
reuse in many parts of the world. Membrane processes have become indispensable as 
they: (1) produce effluents of high quality; (2) have smaller footprints and enable the 
use of indoor spaces that confers immunity to harsh weather conditions; (3) are 
resilient and easy to operate and maintain; (4) allow expansion of existing facilities; 
and (5) reduce chemical uses and sludge production (Cho et al., 1999, Nakatsuka et 
al., 1996). As one of the membrane technologies, membrane bioreactor (MBR), which 
has perfect solid-liquid separation property, is capable of producing effluents with 
excellent quality and high-grade disinfection. Therefore, it has received great attention 
in the past decade. However, membrane fouling which exacerbates maintenance and 
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operating costs of MBR process is still an obstacle for its wide application although a 
number of studies have been conducted to control membrane fouling (Drews et al., 
2007, Hong et al., 2002, Nagaoka et al., 2000, Ng et al., 2006, Shen et al., 2015).  
Recently, MBBR coupled with membrane, which is known as moving bed 
membrane bioreactor (MBMBR), has become an alternative to mitigate the membrane 
fouling as well to improve treatment performance (Leiknes and Ødegaard, 2007). The 
idea of the MBMBR process is to adopt the best features of the MBBR process as 
well as those of the MBR process. Several studies have proven that the MBMBR 
process is capable of improving treatment performance compared with the 
conventional MBR in both low and high strength wastewater treatment (Jamal Khan 
et al., 2011, Yang et al., 2009c). However, contradictory results on the membrane 
fouling behavior with the application of MBMBR have also been reported (Liu et al., 
2012, Yang et al., 2009b). In addition, the effects of operational conditions (i.e., 
hydraulic retention time (HRT), sludge retention time (SRT) and bio-carriers filling 
ratio) on treatment performance, membrane fouling behavior and microbial 
populations in the MBMBR process have not been well understood. Therefore, a 
comprehensive investigation on the MBMBR process treating domestic wastewater is 
essential.   
 
1.2 Research Objectives 
The overall goal of this study is to investigate the property of the MBMBR 
process for successful application in domestic wastewater treatment. The treatment 
performance, membrane fouling behavior and microbial populations in the MBMBR 
process under different operating conditions will be systematically investigated. The 
detailed objectives are:  
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 To evaluate the contribution of the physio-chemical versus mechanical effects 
of bio-carriers on membrane fouling in the MBMBR. 
 To compare the membrane fouling behaviors and microbial community 
structures between the MBR and the MBMBR under different operating SRTs. 
 To investigate the effects of bio-carriers filling ratio and coarse bubble 
aeration in the MBMBR process.  
 To evaluate the combination of bio-carriers scouring and backflush in 
membrane fouling minimization in the MBMBR. 
 
In order to do so, the study will be separated into four phases: 
Phase 1 is designed to investigate contribution of the physio-chemical versus 
mechanical effects of bio-carriers on membrane fouling in the MBMBR, as the bio-
carrier is the key factor that differentiates the MBMBR from the conventional MBR. 
Two MBMBRs with the same dosages of bio-carriers but in different compartmental 
arrangement will be used. Their performances will be compared with a conventional 
MBR.  
Phase 2 is designed to compare the membrane fouling behaviors and microbial 
community structures between the MBR and MBMBR under different operating 
SRTs (5, 10, and 20 d). The characteristics and mechanisms of different fouling 
behaviors will be investigated by analyzing the properties of mixed liquor suspensions, 
membrane foulants and bacterial population dynamics in the MBR and MBMBR. 
Phase 3 is designed to investigate the effects of bio-carriers filling ratio in the 
MBMBR process. In addition, both the treatment performance and membrane fouling 
behavior under coarse bubble aeration will be evaluated by comparing with the results 
obtained under fine bubble aeration in the study of Phase 2. 
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Phase 4 is designed to evaluate the combination of bio-carriers scouring and 
backflush in membrane fouling minimization in the MBMBR. The membrane 
filtration performance will be compared with the other three configurations: the 
MBMBR with backflush only (MBMBRbf), the MBMBR with bio-carriers scouring 
only (MBMBRsc) and the MBMBR with relaxation only at a high effective membrane 
flux of 25 LMH.  
 
1.3 Organization of the Dissertation 
The rest of this thesis is divided into following chapters: 
 Chapter 2 – Literature review 
This chapter includes a comprehensive review of the published literature, 
which are relevant to this study. The various topics, including the MBBR in 
wastewater treatment, factors affecting membrane fouling and membrane 
fouling control are summarized. The findings and research gaps based on 
published literature are also provided in this chapter. 
 Chapter 3 to 6 – Results and discussions in 4-phase study 
These four chapters present the experimental results and discussions based on 
the comparisons between this study and the published literature. The materials 
and methods used in each phase are also provided.  
 Chapter 7 – Conclusions and recommendations 
This chapter summarized the main conclusions obtained from the 4-phase 
study. Based on the current findings, recommendations for future studies are 
suggested.
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CHAPTER 2 LITERATURE REVIEW 
 
2.1 MBBR in wastewater treatment 
As limited information on the MBMBR process in wastewater treatment is 
available, the performances regarding the organics and nutrients removal in the 
MBBR process will be reviewed.  
 
2.1.1 Organics removal 
Many types of biofilm systems such as trickling filters, rotating biological 
contactors, fixed media submerged bio-filters, granular media bio-filters and moving 
bed biofilm reactors, have been widely applied in wastewater treatment. Contrary to 
most biofilm reactors, the MBBR process that was first developed in Norway can 
utilize the whole tank volume for biomass growth (Helness and Ødegaard, 1999, 
Rusten et al., 1992). Due to the compactness of the process, the HRT in the MBBR 
for organic matters removal can be relatively low (Ødegaard et al., 2000). 
Biodegradable organic matters can be quickly degraded in the MBBR. Therefore, the 
MBBR process has been used in domestic wastewater treatment (Di Trapani et al., 
2008, Hem et al., 1994, Leyva-Díaz et al., 2013b, Müller, 1998, Rusten et al., 2006). 
However, settling ability of the biomass will decrease with increasing organic loading 
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rate (Ødegaard et al., 2000). Thus, other types of solid-liquid separation process such 
as flotation and filtration may be required.  
On the other hand, the MBBR process has also been widely applied in the 
industrial wastewater, as biofilms are generally considered less sensitive to toxic 
compounds and variations of environmental conditions (Wang et al., 2005). With the 
advantage of higher specific biomass activities in the MBBR (Ødegaard, 2006), good 
treatment performances were achieved when treating various types of industrial 
wastewater including hospital wastewater (Casas et al., 2015), coal gasification 
wastewater (Li et al., 2011a), coking wastewater (Gu et al., 2014), dyeing wastewater 
(Li et al., 2015), oilfield wastewater (Dong et al., 2011), pesticide wastewater (Chen 
et al., 2007) and phenolic wastewater (Hosseini and Borghei, 2005). The operating 
conditions and treatment performances achieved in these studies are summarized in 
Table 2.1.  
 8 | P a g e   
Table 2.1. The operating conditions and treatment performances of the MBBR for industrial wastewater treatment 





COD removal rate 
(%) Reference 
Hospital wastewater 9 18 274±190 81.3 (average) Casas et al. (2015) 
Coal gasification wastewater 4 32-48 1712-2340 73-79 Li et al. (2011a) 
Coking wastewater 8 20 2000-2050 82.3-89.0 Gu et al. (2014) 
Dyeing wastewater 2 24 650±80 41.5-70.1 Li et al. (2015) 
Oilfield wastewater 5 10-36 343-365 79-74 Dong et al. (2011) 
Pesticide wastewater 5 24 3000 (average) 72-86 Chen et al. (2007) 
Phenolic wastewater 22 8-24 800 75-96 Hosseini and Borghei (2005) 
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2.1.2 Nitrification 
Ammonia discharged from wastewater effluent is responsible for the toxicity of 
natural water around the world (Hoang et al., 2014). One of the most economical 
means for ammonia removal is through the biological process of nitrification. Since 
the nitrifying bacteria normally displays low growth rate and high sensitivity to 
environmental disturbances and inhibitors (Harms et al., 2003), the operating 
conditions in the CAS process need to be carefully controlled to prevent the washout 
of nitrifying bacteria. With the aid of bio-carriers in MBBR processes, washout of the 
biomass could be reduced, allowing the development of specific slow-growing 
microorganisms including nitrifying bacteria (Randall and Sen, 1996). Therefore, a 
higher nitrification rate can be achieved in the MBBR treating domestic wastewater 
(Ødegaard, 2006). Moreover, under a low temperature, the MBBR has also been 
shown its ability to maintain nitrification, while limited nitrification can be achieved 
in the CAS process (Delatolla et al., 2010, Di Trapani et al., 2013, Wessman and 
Johnson, 2006, Zhang et al., 2013). In addition, good nitrification has also been 
obtained in MBBRs treating industrial wastewater (Bassin et al., 2011, Canziani et al., 
2006, Li et al., 2011b, Shore et al., 2012). The operating conditions and nitrification 
performances in selected MBBR studies are summarized in Table 2.2.  
 10 | P a g e   
Table 2.2. The operating conditions and nitrification performances in the MBBR studies 









Synthetic wastewater 2 6 22 18.0±5.1 1 Hoang et al. (2014) 
Industrial saline wastewater 5 48 40-50 60 (average) 22±2 Bassin et al. (2011) 
Coal gasification wastewater 4 32 100-250 35 33±1 Li et al. (2011b) 
Industrial wastewater 3.5 3.33 15.6-18.6 86.9-98.3 35-45 Shore et al. (2012) 
Lagoon effluent 1.5 MGD - 18-30 40 4.2 Wessman and Johnson (2006) 
Domestic wastewater 90 3.26-3.83 25.56±7.24 81.19-96.93 9.72-13.83 Di Trapani et al. (2013) 
Micro-polluted raw water 4400 2 4.54±0.99 95.6±2.4 13.3-31.4 (Zhang et al., 2013) 
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2.1.3 Nitrifying bacteria 
Nitrification process is predominantly achieved by two groups of bacteria, 
ammonia oxidizing bacteria (AOB) that convert ammonia to nitrite and nitrite 
oxidizing bacteria (NOB) that convert nitrite to nitrate. With some exceptions, most of 
nitrifying bacteria is obligate autotrophic (Gerardi, 2003). Nitrifying bacteria obtain 
their energy by oxidizing inorganic substrate, namely, ammonium ions and nitrite ions.  
The main genera of AOB are Nitrosococcus, Nitrosocystis, Nitrosolobus, 
Nitrosomonas and Nitrosospira (Gerardi, 2003). Nireosomonas spp. are the most 
frequently isolated and the most extensively studies AOB (Koops and Harms, 1985).  
Nitrosolobus spp. are the most common AOB in soils, Nitrosospira spp. dominate in 
acid soils and Nitrosococcus spp. are important in marine environments (Prosser, 
1989).  
The known genera of NOB are Nitrobacter, Nitrococcus and Nitrospira. Among 
the three genera, Nitrobacter and Nitrospira were found to be the dominant NOB in 
the environment (Daims et al., 2001, Siripong and Rittmann, 2007). Different 
dominant groups of NOB were found in bioreactors under different operating 
conditions such as nitrite concentrations, DO concentrations, temperature and salinity 
(Daims et al., 2001, Huang et al., 2010). Nitrobacter spp. were reported to be the most 
prevailing NOB in wastewater treatment plants by Grady Jr et al. (2011). However, 
Nitrobacter spp. were not detected in nitrifying activated sludge samples in another 
study by Wagner et al. (1996). Nitrospira spp. were observed as the responsible NOB 
in nitrification systems in more recent studies (Blackburne et al., 2007, Daims et al., 
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2001, Zeng et al., 2009). Several studies have revealed that Nitrobacter thrived when 
the available substrate was abundant, while Nitrospira dominated under conditions of 
nitrite scarcity in the lab-scale bioreactors, biofilm reactors and wastewater treatment 
plants (Coskuner and Curtis, 2002, Gieseke et al., 2003, Huang et al., 2010, Nogueira 
and Melo, 2006, Schramm et al., 2000). Therefore, further investigation of the 
composition of nitrifying bacteria in the MBMBR process under different operating 
conditions is needed.  
 
2.2 Membrane Fouling 
As limited information on membrane fouling in the MBMBR is available, a 
review of membrane fouling in the MBR could shed lights for the MBMBR process. 
Membrane fouling in the MBR process has been investigated for more than a decade. 
In general, the factors affecting membrane fouling can be classified into four major 
categories (Le-Clech et al., 2006): feed characteristics, membrane characteristics, 
biomass characteristics and operating conditions (Figure 2.1). 
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Figure 2.1. The fouling affecting factors and controlling approaches (Meng et al., 2009). 
 
2.2.1 Biomass characteristics 
2.2.1.1 Mixed Liquor suspended solids concentration 
In MBR applications, mixed liquor suspended solids (MLSS) that may contribute 
to cake layer formation on the membrane surface has a complex impact on MBR 
fouling. Controversial findings about the effect of MLSS on membrane fouling were 
reported in several studies. The increase in MLSS concentration has been found to 
have negative impact on membrane filtration performance (Chang and Kim, 2005, 
Cicek et al., 1999b), while some authors demonstrated positive impact (Brookes et al., 
2006, Defrance and Jaffrin, 1999). These different fouling trends observed are 
probably due to the different systems and operating conditions adopted. A more 
comprehensive finding has been reported by Rosenberger et al. (2005). At high MLSS 
concentration (>15 g/L), more severe membrane fouling was observed with a rise in 
MLSS, while MLSS concentration at low level (<6 g/L) seems to have positive effect 
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on membrane performance; insignificant effect was found at a moderate MLSS 
concentration between 8 and 12 g/L. Much more current studies suggested that the 
relationship between MLSS concentration and membrane fouling propensity is 
insignificant and soluble organic substances may play a major role in membrane 
fouling (Brookes1a et al., 2003, Hong et al., 2002, Jefferson et al., 2004, Le-Clech et 
al., 2003, Lesjean et al., 2005). A dual compartment MBR (bioreactor coupled with 
settling tank in which membrane filtered the biomass supernatant) was employed in 
Singapore in order to protect the membrane from direct contact with MLSS (Ng et al., 
2005). It was observed that the filtration resistance from the membrane-filtering 
supernatant was higher than those from filtering 4 g/L of biomass. This example 
clearly indicated that MLSS had little negative impact on membrane filtration 
performance. After reviewing 10 studies investigating the relative contribution of 
suspended solids, colloids and solutes on MBR fouling, Le-Clech et al. (2006) also 
concluded that suspended solids played a relatively low fouling role compared to 
colloids and solutes, and the formation of biomass cake tends not to occur due to the 
modest flux used in MBRs. 
Due to the existing of two categories of biomass (attached growth and suspended 
growth) in the MBMBR process, the effect of MLSS concentration on membrane 
fouling propensity may be different with the MBR process, especially when MLSS 
concentration was largely reduced due to the existence of attached-growth biomass. 
With the growth of biomass on bio-carriers, it is a common trend that the suspended 
biomass concentration in the mixed liquor will decrease, and the decreasing level will 
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normally be depended on the bio-carries characteristics and filling ratio used. In 
addition, many other operational parameters will also affect MLSS concentration (i.e., 
organic loading rate, HRT and SRT) in MBR process. However, limiting information 
on how these parameters affect suspended-growth and attached-growth biomass 
concentrations and how the changes of concentrations affect membrane fouling can be 
found in literatures. 
 
2.2.1.2 Bio-floc size  
Biological floc is the aggregation of microorganisms, inorganic particles, 
extracellular polymers and multivalent cations (Urbain et al., 1993). Bio-floc size 
distribution, as a significant parameter in solids-liquor separation, has been 
investigated in many MBRs’ studies. Large differences in bio-floc size, ranging from 
several µm to several hundred µm, have been reported by different studies (Bae and 
Tak, 2005, Lee et al., 2003, Meng et al., 2008). It was reported that smaller particles 
could cause greater permeation flux reduction in microfiltration by using latex 
suspension (Chang et al., 1996). Bai and Leow (2002) also found that particles with 
bio-floc size smaller than 50 µm would affect the reduction of membrane permeation 
more significantly than that with bio-floc size more than 50 µm. If compared with the 
size of biological floc, the pore size of the membrane used in the MBRs is much 
smaller, which means that membrane pores cannot be blocked directly by bio-flocs. 
However, it could still contribute significantly to the formation of the cake layer on 
the membrane surface (Le-Clech et al., 2006). Thus, porosity and resistance of the 
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cake layer might be affected by bio-floc size. Chae et al. (2006) reported that the cake 
layer resistance was proportional to the average size of the bio-flocs. Another indirect 
effect of bio-floc size on membrane fouling is that small particles, colloids and solutes 
resulting from the breakage of bio-flocs would greatly affect the membrane fouling 
(Fan and Zhou, 2007, Wisniewski and Grasmick, 1998). In addition, stronger shear 
force is expected to break up the sludge flocs more easily. In aerobic MBR process, 
shear force generally comes from the aeration, while with the addition of bio-carriers 
in the MBMBR process, bio-flocs will experience shear force not only from the 
aeration but also from collision with bio-carriers. Therefore, the interactions among 
them will be much more complicated. In the MBMBR process, both the dissolved 
oxygen (DO) and the force for circulating of bio-carriers are provided by aeration. 
Since the bio-carriers would lower the actual aeration intensity and affect the DO 
transfer in the liquid phase, stronger aeration is expected in the MBMBR process. 
However, too strong aeration would in turn break up the sludge flocs and thus, 
deteriorate the membrane filtration performance. Therefore, it is important to control 
the bio-floc size carefully in MBMBRs. The effects of aeration intensity on the MBR 
and MBMBR fouling will be discussed in Section 2.2.2.5.  
Contradictory observations on bio-floc size distribution were reported in the 
studies comparing the MBMBR and MBR. Yang et al. (2009b) and Jin et al. (2012) 
observed the increase of bio-floc size with the addition of bio-carriers, while Hu et al. 
(2012a) reported smaller bio-floc size in the MBMBRs. However, even with the same 
observation, the effects of bio-floc size on membrane fouling propensity differed. Jin 
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et al. (2012) reported positive effect of bio-floc size on membrane filtration 
performance, but Yang et al. (2009b) and Hu et al. (2012a) found no correlation 
between bio-floc size and membrane fouling behavior. These different findings were 
probably due to the different operating systems, bio-carriers and operational 
parameters applied in each study. It is therefore essential to illustrate the relationship 
between bio-floc size and operational conditions, as well as their role in membrane 
fouling in the MBMBR process. 
 
2.2.1.3 Colloidal particle size distribution  
The size of colloidal particle is normally in the range of 1-1,000 nm. Compared 
to bio-floc, colloidal particles tend to more directly affect the membrane filtration 
process (i.e., pore blocking) due to their relative small size, which is closed to the 
membrane pore size in MBRs. The significance of colloidal particles as an important 
factor affecting membrane fouling development has been reported in many studies. 
Meng et al. (2009) summarized several studies that investigated the contributions of 
each sludge fraction to membrane fouling during the filtration of sludge suspension. 
They found that colloids were responsible for 4-50% of total measured fouling 
resistance in these studies (Bae and Tak, 2005, Bouhabila et al., 2001, Defrance et al., 
2000, Lee et al., 2003, Meng and Yang, 2007, Wisniewski and Grasmick, 1998). In 
addition to the direct interaction with the membrane, colloidal particles could also 
interact with cake layer on the membrane surface (He et al., 2005, Jin et al., 2010). 
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Therefore, colloidal particle size distribution (PSD) is also one of the significant 
factors affecting membrane fouling. 
Similar to bio-floc size distribution, colloidal PSD would also be affected by 
several operating conditions in the MBR, i.e., organic loading rate (Wisniewski et al., 
2000), SRT (Lee et al., 2003) and aeration intensity (Aehl et al., 2006). Ivanovic and 
Leiknes (2008) investigated the impact of aeration intensity on colloidal PSD in the 
MBMBR process, and found that the PSD shifted to lower size slightly with the 
increase of aeration intensity. However, how colloidal PSD changed with other 
operational parameters in the MBMBR process has not been reported.  
 
2.2.1.4 Extracellular polymeric substances and soluble microbial products  
Extracellular polymeric substances (EPS or bound EPS) and soluble microbial 
products (SMP or soluble EPS) are often considered as the most significant biological 
factors contributing to membrane fouling in the past decade of worldwide researches 
in MBRs. 
EPS are the construction materials for microbial aggregates and are keeping the 
aggregates in a three-dimensional matrix. Proteins, polysaccharides and humic 
substances are the three major constituents in EPS. Le-Clech et al. (2006) summarized 
that: 1) the chemical constituents in the EPS under different conditions were slightly 
different; 2) EPSP (with a maximum concentration of 120 mg/g SS) was greater than 
EPSC (maximum concentration of 40 mg/g SS) in most cases; 3) proteins and 
carbohydrates were usually regarded as the major components in EPS due to the 
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constrains of humic substances detection although the concentration of humic 
substances was higher than that of the carbohydrates. Both the composition and 
quantity of EPS could affect the membrane fouling. Different relationships between 
EPS and the membrane fouling propensity have been reported in different studies. Le-
Clech et al. (2006) reviewed 11 references and summarized that a significant role of 
EPS on membrane fouling was found when mg EPS/g MLSS ranged from 20-80, but 
no effect of EPS on the specific resistance was reported out of this range or below 10 
mg EPS/g MLSS. Cho et al. (2005b) and Ahmed et al. (2007) found that EPS 
concentration had a close relationship with the specific cake resistance, and the 
filtration resistance increased with the rising of EPS concentration. Another study 
indicated that membrane fouling was affected by both composition and quantity of 
attached EPS on the membrane surface, but the total biopolymers in mixed liquor 
instead of EPS influenced membrane fouling more significantly (Ji and Zhou, 2006). 
Ramesh et al. (2006) fractionated bound EPS into loosely bound EPS (LB-EPS) and 
tightly bound EPS (TB-EPS) and found that fouling resistance was mainly caused by 
the LB-EPS other than TB-EPS. No correlation between EPS and membrane fouling 
was also reported by several studies (Rosenberger and Kraume, 2002, Yamato et al., 
2006). The controversial results might be attributed to the different operating 
conditions applied, as well to no standard method for EPS extraction. EPS 
concentration also had close relationship with sludge volume index, hydrophobicity, 
surface charge and sludge viscosity, which would also largely affect membrane 
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fouling behavior. Hence, EPS should not be considered alone when analyzing the 
cause for membrane fouling. 
SMP is defined as “the pool or organic compounds that are released into a 
solution from substrate metabolism (usually with biomass growth) and biomass decay” 
(Barker and Stuckey, 1999). Due to the fact that SMP can be partially rejected by the 
membrane used in the MBR, the accumulation of SMP in bioreactors and on 
membrane surface is expected to reduce the filterability of membranes. Therefore, 
much attention has been attracted to investigate the influence of SMP on membrane 
fouling behavior. Lesjean et al. (2005) concluded that the biological supernatant is 
responsible for the membrane fouling after comparing fouling behaviors of the 
permeate and supernatant. Rosenberger et al. (2006) also reported that both the 
soluble and colloidal materials in the SMP contributed to the different membrane 
filtration performance in two identical MBRs. Not only in aerobic MBR processes, 
the effect of SMP on membrane fouling is also significant in the anaerobic MBRs. 
Linear relationship between SMP concentration and MBR filtration performance was 
observed in an anaerobic MBR by Meng et al. (2009). Iritani et al. (2007) found the 
100% relative contribution of the anaerobic activated sludge supernatant to the 
membrane fouling in a microfiltration. However, some studies reported that the 
correlation between membrane fouling rate and SMP concentration did not always 
exist (Drews et al., 2008, Drews et al., 2006). It was also confirmed by the data 
collected from several MBRs across Europe that SMP concentration does not 
correlate with fouling propensity of the sludge (Moreau et al. 2009). Therefore, the 
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SMP concentration cannot be considered as the sole indicator for membrane fouling 
rate. 
It is known that SMP contains soluble and colloidal biopolymers, mostly 
polysaccharides or carbohydrates, and proteins. Thus SMP composition may also 
have impact on membrane performance. Polysaccharide-like substances have been 
identified to cause membrane fouling (Jarusutthirak et al., 2002). It was further found 
that membrane fouling rate correlates to the carbohydrate level in SMP solution 
(Lesjean et al., 2005). On the other hand, Ng et al. (2006) observed that more 
carbohydrates than proteins could be rejected by the membrane under the SRT of 3, 5, 
10 and 20 d. The higher concentration of carbohydrates and lower concentration of 
proteins in the fouling layer compared to their levels in the SMP were also found in 
two studies (Choi et al., 2006, Ping Chu and Li, 2005). Rosenberger et al. (2006) 
proposed that high polysaccharide concentrations in the supernatant correspond to 
high fouling rates, while low concentrations correspond to low fouling rates. It was 
found that the increase of the fouling rate was mainly due to the retention of the 
polysaccharides by the membrane since no polysaccharide peak could be detected in 
the permeate by the Liquid Chromatography - Organic Carbon Detection (LC-OCD). 
The concentration difference between the sludge supernatant and permeate could be 
partly attributed to size exclusion and probably partly to adsorption in the membrane 
pores. These findings further confirmed that carbohydrates or polysaccharides play a 
more important role than proteins in the MBR fouling. Only a few studies reported the 
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significant effect of proteins on membrane fouling propensity (Drews et al., 2006, Li 
et al., 2005).  
However, contradictory relationship between polysaccharide concentration and 
membrane fouling rate was reported (Table 2.3). No correlation between them was 
also reported (Drews et al., 2008, Kimura et al., 2009). Table 2.3 summarizes 
correlations between fouling propensity with polysaccharide concentration in relevant 
conditions in several studies. The different findings were probably due to the different 
operating systems and operational parameters. In addition to the EPS and SMP in the 
mixed liquor, an examination on the composition of EPS and SMP in the cake layer is 
also needed to provide a better understanding of membrane fouling behavior. 
In the two studies reporting better membrane filtration performance in the 
MBMBR, Hu et al. (2012a) found that the MBMBR has similar SMP concentration 
but much lower EPSP concentration compared with the MBR, while Liu et al. (2012) 
observed similar TB-EPS concentration but lower concentrations of LB-EPS and 
SMP in the MBMBR. Therefore, it is still unclear how MBMBR process affects the 
concentration and composition of EPS and SMP, as well as the mechanisms involved. 
A systematical understanding on EPS and SMP in the MBMBR is needed. 
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Table 2.3. Correlations between membrane fouling and polysaccharides concentration in relevant conditions 
Module type HRT (h) SRT (d) MLSS (g/L) Flux (LMH) Influence of increasing SRT Correlation with polysaccharide concentration Reference 
FS 8 20-100 4.6-10 12.5 Spec. cake resistance ↓ 
bound EPS↓ 
Yes (Rosenberger et al., 2006) 
HF 11 8-14.8 7.1-14.1 19-21 Fouling rate↓ 
Polysaccharide concentration↓ 
Yes (Ahmed et al., 2007) 
HF 6 10 2.5 12 - Yes (Kim and Nakhla, 2009) 















(Drews et al., 2008) 
HF 8.5 17-102 2.7-7.1 25 SMP↓ No (Kimura et al., 2009) 
HF, hollow fibre; FS, flatsheet. 
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2.2.1.5 Filamentous bacteria  
The overgrowth of filamentous bacteria has been found to have a strong 
influence on MBR fouling in several studies (Meng and Yang, 2007, Su et al., 2008, 
Sun et al., 2007). In general, faster membrane fouling observed in these studies is 
caused by the increase of EPS concentration and sludge viscosity, which results from 
the overgrowth of filamentous bacteria. It has been proposed that providing sufficient 
DO and alkalinity for the sludge would control filamentous bulking, as low DO of 
sludge suspension or low pH of feed water could cause the overgrowth of filamentous 
bacteria in most of the cases (Liu and Liu, 2006). Yang et al. (2009b) observed the 
overgrowth of filamentous bacteria in the MBMBR process, which resulted in a large 
quantity of EPS induced and severe cake layer formation on the membrane surface. 
Hu et al. (2012a) also observed higher density of filamentous bacteria in the MBMBR 
than that in the MBR, and an increase of filamentous index (FI) with increasing bio-
carriers filling ratio. However, no correlation between FI and membrane fouling could 
be found in their studies, which was consistent with the results in a MBR study on the 
impact of filamentous bacteria on membrane fouling (Li et al., 2008). To date, no 
information on the mechanism of the overgrowth of filamentous bacteria in the 
MBMBR process, as well the way of controlling can be found. Therefore, the role of 
filamentous bacteria in the membrane fouling and the controlling methods need to be 
investigated further in the MBMBR process. 
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2.2.1.6 Bacteria groups involved in membrane fouling 
Membrane biofouling is caused by the adhesion and proliferation of microbes on 
membrane surface. A more hydrophobic nature of membrane will be formed once 
microbial adhesion occurs, which enable a more readily deposit of other microbes 
(Meng et al., 2010). As the adhesion tendency of each microbial species differs 
depending on their shape, size, membrane surface properties and other operating 
conditions, it is therefore necessary to understand the bacteria groups involved in 
membrane fouling.  
The phylum Proteobacteria was one of the most reported phyla responsible for 
biofouling in MBR studies (Ahmed et al., 2007, Choi et al., 2006, Gao et al., 2011a, 
Jinhua et al., 2006, Malaeb et al., 2013, Miura et al., 2007, Piasecka et al., 2012, 
Zhang et al., 2006). In addition, other commonly observed phyla in MBR studies were 
also reported contributing membrane biofouling, including Bacteriodetes (Fontanos et 
al., 2010), Firmicutes (Calderón et al., 2011) and Planctomycetes (Piasecka et al., 
2012).   
Furthermore, several studies reported some pioneer bacteria groups which could 
colonize on membrane surfaces at the early stage of membrane fouling. Miura et al. 
(2007) reported that α-, β-, δ- and γ-Proteobacteria contributed to the initial formation 
of the biofilm observed on membranes, while Choi et al. (2006) observed that 
Acinetobacter could play a significant role in the early colonization of the MBR 
membrane. 
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Although the overgrowth of filamentous bacteria has been found to have a strong 
influence on MBR fouling in many studies, one uncultured group of filamentous 
bacteria within phylum Chloroflexi has been found to reduce membrane fouling 
potential (Miura et al., 2007). The uncultured Chloroflexi was observed responsible 
for degradation of SMP including carbohydrates and cellular materials. Thus a 
complete understanding of the bacteria function is important for the investigation of 
membrane fouling in MBRs. However, most of the existing microbiological studies in 
membrane fouling have focused on the bacteria groups only at phylum- or class-level. 
The functions of the target bacteria groups have not been revealed. Therefore, a more 
comprehensive investigation of bacteria groups at genus-level is needed to help the 
understanding of the function of each bacteria group involved in MBR fouling.  
 
2.2.2 Operational condition 
2.2.2.1 SRT  
SRT, which controls the characteristics of biomass and MLSS concentration, is 
probably the most important operating parameter affecting membrane fouling 
behavior in MBR processes. Meng et al. (2009) summarized the effects of SRT on 
membrane fouling rate in several literatures (Figure 2.2). Table 2.4 also shows the 
correlation between membrane fouling rate and SRT. Compared to the CAS system, 
the MBR process is able to maintain a high MLSS concentration due to the perfect 
liquid-solid separation by membranes.  It is well known that MLSS concentration 
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increases with SRT in the bioreactor. Ng et al. (2006) reported that the concentration 
of MLSS increased from 4.48±0.97 to 21.90±0.95 g/L with the increase of SRT from 
3 to 20 days. As discussed earlier, the formation of EPS is growth-related and is 
produced in direct proportion to substrate utilization (Laspidou and Rittmann, 2002), 
and the change in SRT will consequently determine the F/M ratio. Thus the F/M ratio 
may also be a good parameter for controlling membrane fouling. Trussell et al. (2006) 
reported that nearly 10 times higher fouling rate was found in the MBR when the SRT 
was lowered from 10 to 2 days (an increase in F/M ration from 0.34 to 1.41 g COD/g 
MLVSS/day). As a general rule, F/M ratio is recommended to be maintained below 
0.5 (Le-Clech et al., 2006). However, MLSS concentration or F/M ratio itself may not 
have directly impact on membrane fouling. In contrast, the biomass characteristics 
controlled by SRT could have large impact on membrane fouling. The examination on 
the change of biomass characteristics by the variation of SRT is therefore essential. 
 
 Figure 2.2. Comparison of several literatures about the effects of SRT on fouling 
rate (Meng et al., 2009). 
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2.2.2.2 Effects of SRT on EPS and SMP 
The effects of SRT on EPS and SMP concentrations as well as the fouling rate in 
several studies are summarized in Table 2.4. As shown in the table, most of studies 
reported reduced membrane fouling rate and concentrations of EPS and SMP with 
increase of SRT. The explanations for lower EPS concentration can be summarized as 
follows: a) When SRT increased, the growth rate of biomass decreased. Thus the 
production rate of microbial substances (EPS) reduced; b) Lower F/M ratio due to 
higher SRT would enhance EPS degradation as substrate by microorganisms; and c) 
Some species with low specific EPS content would grow at longer SRT. And the 
explanations for lower SMP concentration are: a) More substrates were utilized to 
sustain the higher biomass population at longer SRT; and b) More dispersed or non-
flocculation microorganisms observed at longer SRT not only produced less 
biopolymers but also enhanced the degradation of organic substances. It is worth to 
mention that too long or even infinite SRT is not suitable for MBRs treating real 
domestic wastewater due to the accumulation of inert material in the reactor. However, 
contradictory effect of SRT on fouling propensity was observed by Lee et al. (2003). 
It was reported that the EPS concentration rose first when the SRT was increased 
from 20 to 40 d, but reduced when the SRT was changed from 40 to 60 d. They 
demonstrated that higher EPSP and EPSP/EPSC ratio correlated to faster fouling. In the 
light of the complexity of MBR systems, only analyzing the characteristics of EPS 
and SMP cannot fully understand the fouling behavior. Sometimes, different effects 
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of SRT on membrane fouling may be caused by variations of other parameters caused 
by SRT. 
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Table 2.4. The effects of SRT on EPS and SMP concentrations 
Ref. SRT(d) FR CEPS Explanations CSMP Explanations Masse et al. (2006) 10→37→53 ↓ ↓ 1. Lower production of microbial substances 2. Increase in substances degradation rate  3. Release to the bulk solution 
↓ 1. Better degradation and hydrolysis of organic substances due to longer contact time 2. More dispersed microorganisms aid the degradation of organic substances due to reduction of mass transfer limitation 3. Enhance the development of slowly growing populations which can use polysaccharides and proteins as substrate 4. Dispersed bacteria produced less flocculation agents  Ng et al. (2006) 3→5→10→20 ↓ ↓ 1. Less excess substrates which are not utilized by microorganisms are being converted into both intracellular storage granules and EPS. 2. The release of EPS into the bulk because biomass predominately undergoes endogenous respiration and cell lysis would occur.  
↓ More substrates released have been utilized to sustain the biomass population. 
Jinsong et al. (2006) 10→30 ↓ → NA ↓ Similar SMPp but lower SMPc Lee et al. (2003) 20→40→60 ↑ ↗↘ Higher EPSp and EPSp/EPSc ratio correlate to faster fouling NA No correlation between supernatant characteristics and fouling rate Ahmed et al. (2007) 20→40→60→100 
↓ ↓ 1. Lower formation rate of microbial substances  2. Lower F/M ratio  increased EPS degradation as substrate by microorganisms 3. Growth of specific species   
NA NA 
Ng and Hermanowicz (2005) 
0.25→0.5→2.5→5 
NA ↑ 1. The rate of biomass growth exceeded the rate of EPS production at low SRT 2. Microorganisms tended to grow in a dispersed form at higher F/M ratio 
NA NA 
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2.2.2.3 Effects of SRT on other parameters 
Han et al. (2005) reported more severe membrane fouling with increasing SRT. 
It was due to the higher sludge viscosity which could modify the bubble size and 
lower the effect of aeration intensity. Pollice et al. (2008) suggested that 40-80 d of 
SRT could effectively control membrane fouling due to the minimized capillary 
suction time and sludge resistance to filtration values. Also, it has been observed that 
the mean floc size increased slightly from 5.2 to 6.6 µm when the SRT was increased 
from 20 to 60 days (Lee et al., 2003). Van den Broeck et al. (2012) found that a higher 
SRT contributed to better activated sludge flocculation and constituted to lower 
fouling rates. In view of above, it can be seen that SRT would influence the biomass 
characteristics significantly. Therefore, choosing an optimal SRT is necessary for the 
MBR process.  
Similarly in the MBMBR process, the SRT is expected to be a significant 
operating condition since it will not only influence the suspended biomass 
characteristic but also may have impact on the attached-growth biomass. However, to 




Many studies have shown that HRT is an important parameter in MBR 
operations (Le-Clech et al., 2006, Meng et al., 2009). According to the report by 
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Rosenberger and Kraume (2002), high F/M ratio will produce high EPS concentration. 
EPS, which functions as a “glue”, aggregates flocs and enables flocs to attach to the 
membrane surface. Cho et al. (2005a) also reported that a short HRT and a high flux 
condition can result in a hastening of the membrane fouling process. Fallah et al. 
(2010) compared MBRs under the HRT of 18 and 24 h in removing styrene from 
synthetic wastewater. They found an increase in styrene loading rate (HRT reducing 
from 24 to 18 h) resulted in the release of EPS from the bacterial cells, which in turn 
was responsible for the rise in SMP and sludge deflocculation. Thus severe fouling 
occurred at shorter HRT. Furthermore, the accelerated membrane fouling by the 
accumulation of SMP and increased growth of biomass with a decrease in HRT was 
also reported in the study of anaerobic MBR (Huang et al., 2011). 
 Leiknes and Ødegaard (2007) investigated the effect of HRT in the MBMBR 
process and observed that an increase in the HRT reduced membrane fouling, which 
correlated well with results from the particle size distribution analysis. They found a 
shift to larger particles with increasing HRT, which may be attributed to the 
hydrolysis of colloidal organic particles or an enhanced effect of flocculation 
mechanisms. However, the characteristics of EPS, the biomass concentration and the 
soluble organic matters as a function of HRT as well as their influence on fouling 
behavior are not available in their study. Therefore, a fully understanding on the effect 
of HRT in the MBMBR process is needed. 
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2.2.2.5 Aeration 
It has been reported that aeration comprises almost 50% of the total energy 
requirements of the MBR operation (Gil et al., 2010) - the most costly factor in MBR 
energy consumption. The aeration rate is therefore essential to be effectively 
controlled to reduce energy consumption in MBR process. Providing oxygen to the 
biomass, maintaining the activated sludge in suspension, and mitigating fouling by 
constants scouring of the membrane surface are the three major roles of aeration in 
MBRs (Dufresne et al., 1997). The basic ideal of introducing bubbles to flow near to 
the membrane surface is to provide local shear transients and liquid flow fluctuations, 
which could increase back transport phenomenon and prevent large particle 
depositing on the membrane surface. Several studies in late 1990s have proven that 
fouling could be relieved by increasing air flow rate at the membrane surface 
(Bouhabila et al., 1998, Madaeni, 1997), but there might be an optimum aeration rate 
beyond which a further increase has little or no effect on fouling alleviation (Ueda et 
al., 1997). However, due to the complexity of the bulk solution in MBRs, the aeration 
would not only create shear force on the membrane surface but also influence floc 
size, particle size and EPS composition, which in turn could result in severe 
membrane fouling. Han et al. (2005) reported that the increased shear could breakup 
biological floc and cause cell lysis. Meng et al. (2008) investigated the membrane 
fouling behavior under different aeration intensities. They found that pore blocking 
caused by colloids and solutes became dominant although a high aeration intensity of 
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800 L/h could remove cake layer effectively; and more EPS was released when the 
aeration intensity was increased. Similar results have also been reported by Ji and 
Zhou (2006). The aeration intensity was found to control the quantity and 
composition of the EPS, which affected the ratio of protein/carbohydrate deposited on 
the membrane surface in the end. Several studies on the effects of aeration on the 
membrane fouling are summarized in Table 2.5. Again, as the complex biomass 
characteristics in an MBR system, the sole impact of floc size, colloidal particle size 
or EPS composition on membrane fouling may not provide an appropriate conclusion, 
but it still can be expected that a too low or too high aeration rate would have a 
negative influence on membrane permeability in MBRs. Therefore, the selection of an 
optimum aeration rate is necessary. 
 The MBMBR system is composed of two compartments (the membrane 
compartment and MBBR compartment) in most applications. The advantage of two 
compartments is that operational condition can be optimized separately. In the 
MBMBR compartment, both the dissolved oxygen and the force for circulation of 
carriers are provided by aeration. Since the bio-carriers would lower the actual 
aeration intensity and affect the DO transfer in the liquid phase, relatively strong 
aeration intensity is expected. As reviewed above, too strong aeration would in turn 
break up the sludge flocs and induce more release of EPS, which may deteriorate the 
membrane filtration performance. Rahimi et al. (2011) investigated the effects of 
aeration rate in the MBBR compartment on membrane fouling. According to their 
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results, both specific EPS and SMP concentrations were decreased and then increased 
with the increasing of aeration intensity; and a reduction in filamentous organisms 
was observed at higher aeration rates. It was the specific SMP concentration that 
correlated to the membrane permeability rather than other factors. Thus an optimum 
range of aeration rate could be found. Ivanovic and Leiknes (2008) studied the effect 
of aeration intensity on the membrane fouling in the membrane compartment. They 
found similar results as in the MBR process whereby the aeration rate had a practical 
limit above which no significant reduction of membrane fouling could be obtained. 
However, limiting information could be found on the effect of aeration rate on 
dissolved organic matters as well as cake layer compositions. Recently, bio-carriers 
with the scouring effect were used to reduce the cake layer formation for fouling 
mitigation (Jin et al., 2012, Lee et al., 2006). However, little effect of bio-carriers 
scouring on membrane fouling control has also been reported (Hu et al., 2012a). 
These different observations could be due to the different types of bio-carriers, 
various aeration rates and different bio-carriers filling ratio used in their studies. Thus, 
further investigation should be done to understand the impact of operating conditions 
on the scouring effects. Since bio-carriers were circulated by aeration, aeration rate 
could be a significant parameter in controlling membrane fouling by bio-carriers 
scouring. As the effects of aeration in both the membrane compartment and MBBR 
compartment have not been well understood, a further investigation is needed. 
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Table 2.5. Effects of aeration on membrane fouling 
References Wastewater type MLSS concentration (mg/L) 
Aeration Intensity DO (mg/L) Primary Results 
(Meng et al., 2008) Synthetic 6000 150 L/h 400 L/h 800 L/h 
3.21 4.76 6.50 
Low or high aeration intensity had a negative influence on membrane permeability.  (Menniti and Morgenroth, 2010) 
Synthetic 2500 15 L/min 30 L/min 45 L/min 
2-3 > 6 > 6 
Increase aeration had no direct effect on SMP or EPS production; The membrane fouling potential in the low shear reactor was directly related to the concentration of SMP (Trussell et al., 2007) Domestic 12000 9.4 L/s 14.2 L/s 18.9 L/s 
NA Increasing the coarse bubble aeration intensity improved the permeability at a given MLSS concentration. 
(Ji and Zhou, 2006) Synthetic MLVSS: 2500 120 L/h 80 L/h 40 L/h 
3.4-4.2 1.0-1.8 0.9-1.5 
With the increase of aeration rates, the amount and protein/carbohydrate ratio in SMP increased and then decreased, while both of them in EPS decreased with increased aeration rates. (Sun et al., 2006) Synthetic 10000 - 20000 480 L/h > 4 Aeration was the underlying factor contributing to the decline in the mean size of sludge particles. The influence of aeration on the mean size of the particles was found to be insignificant at the initial phase when the aeration rate was very low. (Tan and Ng, 2008) Domestic 8000 -10000 10 L/min 5 L/min 2.5 L/min 
5.1 3.4 1.9 
It was found that a high aeration rate of 10 L air/min was able to minimize membrane fouling as compared with lower aeration rates of 5 and 2.5 L air/min in this study.  
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2.2.3 Membrane fouling control and strategy 
Membrane fouling is a very complicated phenomenon and is caused by multiple 
factors. When solutes or particles deposit onto the membrane surface or into 
membrane pores, membrane performance is deteriorated. For example, if the foulants 
are smaller than the membrane pores, fouling via pore blocking can occur. On the 
other hand, if foulants are much larger than the membrane pores, they might form a 
cake layer on the membrane surface (Lin et al., 2009). 
Particles can accumulate on the membrane surface and therefore, form a 
filtration cake layer. The particulates can either be suspended solids, colloids or even 
microorganisms. It was found that the dominant type of fouling in most 
microfiltration (MF) and ultrafiltration (UF) systems is particulate fouling, that 
resulted in cake layer formation on the membrane surface. However, when MF and 
UF membranes are used in membrane bioreactors (MBRs), the systems tend to suffer 
more of colloidal and organic fouling instead. Cake layer formation linked with 
removable fouling was considered as the one of the major contributors to membrane 
fouling for the MBRs. Lee et al. (2001) reported that the filtration resistances included 
membrane resistance (12%), cake resistance (80%), pore blocking and irremovable 
fouling resistance (8%), thus concluding that cake layer formation is the main cause 
of membrane fouling. The cake layer offers an additional resistance to the membrane 
filtration once that it is formed on the membrane surface, causing a reduction in 
permeate flux. As reported by Lee et al. (2003), UF flux decline (due to fouling) may 
be caused by sequential or simultaneous processes such as cake layer formation with 
fouling by large molecules during the filtration process. Cake layers formed in the 
cross-flow mode may have higher specific cake resistances than cake layers formed in 
dead-end filtration by increasing the membrane resistance (McCarthy et al., 2002). 
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Membrane pore blocking is usually caused by the particles that are smaller than 
the membrane pores, and their subsequent adsorption onto the pore walls causes 
irreversible fouling. The particles are able to enter the membrane pores and associate 
together via adsorption, causing a significant decline of flux and blockage of 
membrane (Lin et al., 2009). Bae and Tak (2005) also revealed that solutes are easily 
and directly deposited onto the pore walls via adsorption in the absence of the 
protective effects offered by the cake layer on the membrane surface. 
Membrane fouling control is the most important aspect and parameter in 
designing membrane system for longer service life. The control protocol should be 
carefully planned in an integrated manner that considered the physical, chemical and 
biological aspects. Membrane cleaning methods have been developed to counteract 
membrane fouling and scour attached-membrane foulants. The methods include 
membrane relaxation, surface flushing, backwashing and chemical cleaning, which 
are absolutely achieved through the use of cleaning agents, mechanical action, 
temperature and time. Table 2.6 summarizes the mechanism to control fouling for 
different types of fouling.   
Several researches have suggested using pre-treatment of feed water prior to the 
membrane process to reduce membrane fouling rate. The type pre-treatment processes 
include adsorption, oxidation and biological treatment. Some integrated pre-treatment 
process not only can increase the permeate quality, but also retard the membrane 
fouling rate, resulting in an increase in membrane lifetime and a decrease in operating 
costs consequentially. Similar to chemical cleaning, the pre-treatment effectiveness is 
strongly associated with the type of the agents, dosage, dosing modes, temperature, 
properties of the aquatic impurities and membrane characteristics. For example, Shon 
et al. (2004) studied microfiltration (MF), ultrafiltration (UF) and reverse osmosis 
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(RO) with different physical and chemical pre-treatment process, and found that MF 
and UF mainly remove suspended solids from the water while powder activated 
carbon (PAC) must be added to ensure that RO has sufficient filtration performance. 
Chemicals typically added as pre-treatment options include sodium hypochlorite and 
alum, which is effective in reducing natural organic matter (NOM) fouling and 
scaling. 
 40 | P a g e   
Table 2.6. Method of cleaning and control in relation to the type of fouling 
Fouling Category Description Method to Control Fouling References Organic fouling Attachment of organic species to the membrane surface. i.e., humic acid, oil, grease Pretreatment with an oxidant (Cl or NaOCl) or coagulant (alum), chemical cleaning 
Holman and Ohlinger (2007); Gao et al. (2011b); Heng et al. (2008) Inorganic fouling Precipitate of soluble salts caused by the concentration of salts in the feed solution during passage across the membrane surface. i.e., CaCO3, CaSO3, BaSO4 
Pretreatment with an oxidant (Cl or NaOCl) or coagulant (alum), chemical cleaning 
Holman and Ohlinger (2007); Gao et al. (2011b); Heng et al. (2008) Biofouling Formation of bio-growth upon membrane surface. i.e., sulphur reducing bacteria, extracellular polymeric substances (EPS) 
Pretreatment with an oxidant (Cl or NaOCl), chemical cleaning (Cl or NaOCl), hydraulic cleaning 
Holman and Ohlinger (2007); Gao et al. (2011b); Heng et al. (2008) Particulate fouling Formation of cake layer by suspended solids. Hydraulic cleaning, chemical cleaning (caustic soda) Holman and Ohlinger (2007); Corbatón-Bàguena et al. (2012); (Liu et al., 2001) 
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2.2.3.1 Membrane relaxation 
Membrane relaxation refers to the periodical stoppage of the membrane filtration 
process for short durations such as 30-60 sec for every 10 min of filtration. This is 
done because the deposited foulants could be removed under the “relaxed” condition. 
During the relaxation, application of air scouring could enhance removal of 
membrane surface foulants, which is under a concentration gradient. Several 
researches reported that relaxation may not be economical for operation of large-scale 
MBRs, but it is almost ubiquitous in modern full-scale MBRs because of the 
following benefits: (1) no consumption of water production; (2) easy implementation 
in the MBR systems; and lastly (3) relaxation has a positive effect on fouling control, 
even when it was ran under the same water productivity as the continuous mode 
(Hong et al., 2002, Wu et al., 2008). 
 
2.2.3.2 Surface flushing 
Surface flushing refers to the application of high cross-flow velocity along the 
membrane surface for foulants removal. When it is applied, the membranes will be 
flushed with either the feed water or permeate.  The turbulences created might help to 
release or dislodge the attached particles and foulants on the membrane. Thus it is 
required that a high hydraulic pressure gradient be applied for the forward flushing of 
membranes. 
 
2.2.3.3 Back flushing 
Back flushing refers to a reversal of filtration direction for the membrane process. 
The membrane permeate or distilled water is flushed from the permeate side to the 
feed side (Mulder, 1996). Back flushing is an effective method to control the 
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membrane fouling phenomenon. When back flushing is applied to the membrane 
pores, the pressure on the permeate side is higher than the pressure within the 
membrane, pushing out whatever that was originally stuck and attached within the 
pore, and thus cleaning the membrane. The advantages of using back flushing include 
the ease of operation for frequent performance on membrane systems but the filtration 
downtime during the back flushing procedure will essentially lower overall water 
productivity via consumption of product water for back flushing (Wu et al., 2008). 
 
2.2.3.4 Chemical cleaning  
Chemical cleaning refers to the soaking of the fouled membrane in a chemical 
solution to clean the membrane, while minimizing any damage done to the membrane 
material. In detailed, membranes are soaked or submerged with a solution of 
chemicals such as chlorine bleach, hydrochloric acid, hydrogen peroxide or sodium 
hypochlorite during the process. The chemical can be used to displace and dissolve 
the foulants depending on the characteristics of the foulants and chemicals. In the 
chemical cleaning process, chemical concentration, contact time, temperature (Bartlett 
et al., 1995, Bird and Bartlett, 2002), cross-flow velocity (Bird and Bartlett, 2002, Lee 
et al., 2001) and TMP (Bartlett et al., 1995, Bird and Bartlett, 2002) are the essential 
factors affecting cleaning performance and efficiency. As reported by Liu et al. (2001), 
caustic soda is good for hydrolyzing organic materials such as polysaccharides, 
protein, fats and oils; whereas sodium hypochlorite and hydrogen peroxide are 
oxidants that reduce the adhesion of foulants to the membrane surfaces. Citric acid 
can improve the cleaning of organic foulants from membranes due to the “salt bridge” 
effect (Hong and Elimelech, 1997). 
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2.2.3.5 Ultrasound irradiation  
Incorporation of ultrasound irradiation for membrane cleaning is an interesting 
option that can improve membrane operation (Chai et al., 1998, Lamminen et al., 
2004). The principle in using ultrasound during membrane filtration lies primarily 
with the cavitation effect associated with ultrasound. When the ultrasonic device 
emits sufficiently large supersonic wave to overcome the cohesive forces within water, 
water undergoes constant pressure extrusion and creates a lot of micro-scale bubbles 
around the membrane surface. As these bubbles form and burst under different 
pressures, they release energy and cause vibration that loosens particles on the 
membrane surface that can reduce membrane fouling without compromising 
treatment efficiency (Lamminen et al., 2004, Ng et al., 2012). Numerous researchers 
have demonstrated the effectiveness of ultrasound-associated membrane cleaning with 
the purpose of increasing permeate flux and extending the membrane’s lifespan. Li et 
al. (2002) reported that ultrasound combined with forward flushing cleaning 
procedure recovered flux on 0.2-µm nylon membranes fouled by a Kraft paper mill 
effluent. Matsumoto et al. (1996) claimed that ultrasound-assisted backwashing 
cleaned fouled membrane more thoroughly than conventional backwashing. 
Ultrasound has been successfully combined with membrane backwashing in the 
laboratory. However, it has not been widely commercialized yet because of 
membrane damages in several occasions (Masselin et al., 2001) and due to issues 
regarding the control of membrane erosion. 
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CHAPTER 3 EFFECTS OF BIO-CARRIERS ON 




MBMBR, with membrane coupling into MBBR, has been reported to enhance 
organics and nutrients removal for both low-strength and high-strength wastewater 
treatment by having a more diverse and populated microbial community (Jamal Khan 
et al., 2011, Yang et al., 2012, Yang et al., 2009c). However, contradictory results on 
the membrane fouling behavior were reported. In general, the effect of bio-carriers on 
membrane fouling propensity can be classified into (1) physio-chemical effects that 
exert on the characteristics of mixed liquor suspension; and (2) mechanical effect that 
exerts on membrane surfaces (Huang et al., 2008b, Jin et al., 2013). It is noticed in the 
literatures that most of the studies that employed bio-carriers focused on the physio-
chemical effects – bio-carriers were not dosed into membrane tanks. In those studies, 
bio-carriers were dosed into a fully-mixed tank and the mixed liquor in this tank was 
then pumped into a separate permeate tank. For instance, Leiknes and Ødegaard (2007) 
reported that bio-carriers reduced the concentration of MLSS in the system, which 
potentially reduced membrane fouling rates. However, Yang et al. (2009b) found that 
the MBMBR suffered from more severe membrane fouling primarily due to the 
proliferation of filamentous bacteria. In another study, Yang et al. (2009a) reported 
that shear stress induced by the bio-carriers led to breakup of bio-flocs and reduced 
the filterability of the biomass suspension. On the other hand, bio-carriers will exert 
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both the physio-chemical effects and mechanical effect in those studies where bio-
carriers are dosed into the same tank with the membrane module. Lee et al. (2006) 
found that the addition of bio-carriers could mitigate membrane fouling not only by 
decreasing MLSS concentration, but also by creating collisions with membrane 
surface. In contrast, Hu et al. (2012a) found that the physio-chemical effects of bio-
carriers on biomass characteristics were the main contributor to the membrane fouling 
reduction, whereas the mechanical effect was negligible. Nevertheless, only with the 
aid of an iron net or a baffle to prevent the interaction of bio-carriers with membrane 
surface in earlier reported studies, the individual contribution of the mechanical effect 
of bio-carriers on membrane fouling propensity was not thoroughly investigated. In 
addition, due to the complicated underlying mechanisms, the effects of bio-carriers on 
membrane fouling have not been completely understood. 
In addition, ceramic membranes have been attracting increasing attention due to 
its mechanical strength and tolerances for adverse conditions such as extreme pH, 
temperature and pressures (Jin et al., 2010). Due to their hydrophilicity, cake layers 
on the ceramic membranes were much easier to be detached from the membrane 
surfaces than polymeric membranes (Tolkou et al., 2014). Hence, using ceramic 
membranes in MBMBRs might improve the scouring efficiencies. Jin et al. (2013) 
found that the bio-carriers could decrease the cake layer fouling and hence could 
delay the eventual fouling when using ceramic membrane. However, their study did 
not decouple the physio-chemical and mechanical effects, and elucidate their relative 
dominance. In order to fundamentally understand the effects of bio-carriers on 
membrane fouling in MBRs employing ceramic membrane, there is a need to 
decouple the two effects with a comprehensive analysis of their respective mixed 
liquor characteristics as well as the compositions of membrane foulants. 
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In view of the above, the objective of this phase was to evaluate the contribution 
of the physio-chemical versus the mechanical effects of bio-carriers on membrane 
fouling. In order to do so, two MBMBRs with the same dosages of bio-carriers but in 
different compartmental arrangement were used. Their performances were also 
compared with a conventional ceramic MBR. 
 
3.2 Materials and Methods 
3.2.1 Experimental set-up and operating conditions 
Figure 3.1 shows the schematic diagram of the three lab-scale MBRs – an MBR, 
an MBMBR and an MBMBR with bio-carriers scouring in the membrane 
compartment (MBMBRSC). Each of the reactors had a total effective volume of 12.8 
L, and was consisted of two compartments - the MBBR compartment and the 
membrane compartment, with effective volumes of 7.68 and 5.12 L, respectively. 
Aeration rate in each compartment was maintained at 2 L/min. As a result, the shear 
intensity linked to air-scouring of the membrane was 99.1 s-1 based on the equation 
deduced by Delgado et al. (2008). A flat-sheet ceramic membrane module (ItN, 
German) with a nominal pore size of 0.1 µm and a total surface area of 0.08 m2 was 
immersed into the membrane compartment. For the MBMBR, 3,200 pieces of bio-
carriers were dosed into the MBBR compartment; while for the MBMBRSC, 640 
pieces of bio-carriers were dosed into the membrane compartment and the rest of 
2,560 pieces were dosed into the MBBR compartment. As a result, the filling ratios 
were maintained at 20% for both the MBMBR and MBMBRSC. As such, the bio-
carriers had scouring effects on the membrane in the MBMBRSC but not on the 
membrane in the MBMBR. The bio-carriers used in this study were made of 
polypropylene with a density of 573.3 kg/m3. The dimension of a bio-carrier is 
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12×10×7 (mm, L×W×H). Its surface area was 500 m2/m3. Suction was performed 
with a cycle of 4.5-min on and 0.5-min off. The TMP of each membrane module was 
recorded by a digital pressure gauge (SMC, ZSE50F) connected between the 
membrane module and the permeate pump. The pH in each bioreactor was monitored 
by a pH controller (Etatron, HD-PH/P) and the pH was maintained at 7.0±0.3 by the 
addition of 0.2M NaHCO3 as a buffer solution. Operating conditions of the three 
bioreactors are summarized in Table 3.1. 
 
Table 3.1. Operating conditions of the MBR, MBMBR and MBMBRSC 
Parameter Value 
Effective volume (L) 12.8 HRT (h) 8 SRT (d) 20 Constant flux (L/m·h) 20 OLR (kg COD/m3day) 1.25±0.19 Temperature (˚C) 25 – 29 pH 6.7 – 7.3 
 
  Figure 3.1. Schematic diagram of the three bioreactors used in the study: (a) the MBR, (b) the MBMBR, and (c) the MBMBRSC. 
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The three bioreactors were operated in parallel and fed continuously with real 
domestic wastewater collected twice per week from a local water reclamation plant 
(WRP) located in Singapore. The collected wastewater was stored in a cold room at 
the temperature of 4˚C. Prior to being introduced into a feed tank, the wastewater 
sieved with a 1-mm opening mesh after its temperature was recovered to the ambient 
temperature (25 to 29˚C) naturally. The feed influent tank was equipped with a 
mechanical stirrer to keep the wastewater homogenous. The influent wastewater was 
analyzed according to the Standard Methods (APHA et al., 2005) as discussed in 
Section 3.2.3, and the results are presented in Table 3.2. Biomass was seeded from the 
same WRP as the feedwater and adapted to the operating conditions for 60 days (i.e., 
3 times of the SRT) before data collection. 
Table 3.2. Characteristics of the feedwater  
Parameter Concentration (mg/L) 
tCOD 416.5±62.2 sCOD 74.1±32.3  TOC 90.3±25.03 sTOC 27.7±8.7 TN 68.2±10.2 NH4+-N 34.3±2.2 NO3--N 1.0±0.5 NO2--N n.d. Total suspended solids  296.7 (±108.6)  Volatile suspended solids  252.2 (±86.5) 
Note: Number of sampling points: 36; tCOD: chemical oxygen demand in influent; sCOD: chemical oxygen demand in influent supernatant; sTOC: total organic carbon in influent supernatant; TN: total nitrogen; n.d.: not detectable  
3.2.2 Sampling methods 
The influent wastewater and membrane permeates were collected once per week 
for analysis. The supernatant of the influent wastewater was obtained by filtering 
through a 0.45-µm membrane filter (PALL, USA). The mixed liquor was collected 
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from the sampling port located at the mid-height of the membrane compartment. 
Mixed liquor supernatant (MLS) was obtained by centrifuging the mixed liquor 
sample at 9,000 rpm for 10 min at 4oC, followed by filtering it through a 0.45-µm 
membrane filter (PALL, USA). To extract the EPS, the residues were then re-
suspended to the original volume by ultra-pure water. It was then heated at 80oC for 
10 min and went through the same centrifugation-filtration method as mentioned 
earlier. The filtrate obtained was used for the EPS analysis. 
The extraction of biomass attached on the bio-carriers was conducted as follows 
(Yang et al., 2009c): 20 pieces of randomly-chosen bio-carriers were taken out from 
the bioreactor and put into a beaker containing 500 mL of ultrapure water; these 
carriers were then sonicated for 10 min followed by stirring by a magnetic stirrer for 
30 min to detach the biomass on the bio-carriers. The concentration of the attached-
growth biomass was represented by the total attached-growth biomass over the total 
effective volume of the bioreactor. 
Membranes were deemed as completely fouled when their TMP exceeded 30 
kPa. The procedure of membrane foulants extraction is illustrated in Figure 3.2. The 
cake layer on the membrane surface was removed by a small piece of sponge (1.5 
cm×1.5 cm) and re-suspended in 500 mL of DI water. The supernatant COD was 
determined after centrifuging at 3,500 rpm for 2 min, and the soluble COD (CODS) 
was determined by filtering the centrifuged sample with a 0.45-µm membrane (PALL, 
USA). The difference of supernatant COD and CODS was denoted as CODC. Pore-
blocking and constriction (PBC) foulants were extracted by backwashing and 
sonicating the membrane with cake layers taken down simultaneously in 1.5-L of DI 
water at 60 LMH (3 times of operational flux) for 1.5 h. The 1.5-L of backwash water 
was analyzed to determine the characteristics of PBC foulants. After foulants were 
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extracted, membranes were submerged in DI water to evaluate the recovery of the 
membrane permeability. The recovery rates were more than 99% for the membranes 
in the MBR and the MBMBR. Therefore, the membrane foulants were considered 
fully extracted. However, only 81.5% of recovery rate was achieved after backwash 
and sonication by DI water for the MBMBRSC. Hence, membrane was then 
backwashed in 1.5-L 500 mg/L NaOH solution followed by 1.5-L 500 mg/L HCl 
solution. After that, over 99% of recovery rate was obtained. The solution of PBC 
foulants in the MBMBRSC was the mixture of the three above-mentioned extraction 
solutions. The concentrations of membrane foulants were converted to specific 
concentrations (mg foulants/m2 membrane surface area) for further discussions. 
 
 Figure 3.2. The procedure of membrane foulants extraction. 
 
3.2.3 Analytical methods 
Chemical oxygen demand (COD), MLSS, mixed liquor volatile suspended solids 
(MLVSS), the amount of attached biomass and the total biomass (TVSS) and total 
suspended solids (TSS) of the fouling cake layer were analyzed according to the 
Standard Methods (APHA et al., 2005). The concentrations of ammonia, nitrate and 
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nitrite were measured using a colorimetric method with reagent kits (HACH, USA). 
Total organic carbon (TOC) and total nitrogen (TN) were determined by a TOC 
analyzer (TOC-VCSH Shimadzu, Japan). The concentrations of ion elements in the 
membrane foulants of cake layer and PBC were analyzed with the ion 
chromatography (LC20 Chromatography Enclosure, DIONEX for cation analysis and 
ICS-1600, DIONEX for anion analysis). Carbohydrates were quantified by the Dubois 
phenol-sulphuric acid method (Dubois et al., 1956) using glucose as the standard, 
whereas the protein content was measured by the Lowry method with bovine serum 
albumin as the standard (Classics Lowry et al., 1951). An LC-OCD analyzer (Dr. 
Huber, DOC-LAB) was used to analyze the dissolved organic components in the 
MLS and membrane permeates, as well as the membrane foulants in the cake layer 
and PBC. Microbial community diversity analyses were conducted by the 454-
pyrosequencing technology. The bulk biomass samples from the three bioreactors 
were collected at steady-state conditions (day 185). The cake layer samples were 
collected at the end of last membrane filtration cycle at day 188, 202 and 190 for the 
MBR, MBMBR and MBMBRSC, respectively. The DNA from all the samples was 
extracted with an UltraClean DNA extraction kit (Mobio Laboratories, USA) 
according to the manufacturer’s instructions after the supernatant was removed by 
centrifuging at 10,000 rpm for 10 min. To ensure the representativeness of the final 
DNA sequencing results, the exacted DNA from replicates of each biomass sample 
set was pooled with equal amount (DNA concentration was determined by a 
NanoDrop system). Further, the 16S rRNA gene fragments from the pooled DNA of 
each sample set were amplified by the polymerase chain reaction (PCR) and then 
analyzed by the 454-pyrosequencing technology according to the method adopt from 
Shi et al. (2015). A total of 6,144 effective sequences were obtained after filtering 
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from 7,948 raw sequences for bacterial communities with average sequence length of 
544 bp. 
 
3.3 Results and Discussion 
3.3.1 Treatment performance 
All of the three bioreactors showed excellent organic removal efficiencies 
throughout the operating period. The overall COD removal efficiencies of the MBR, 
MBMBR and MBMBRSC were 93.4±3.5%, 95.5±2.4% and 95.1±2.4%, respectively. 
In addition, the biological COD (based on analysis of the COD of the supernatant) 
removal rates for the MBR, MBMBR and MBMBRSC were 90.5±5.3%, 92.4±2.8% 
and 92.4±3.4%, respectively. The two MBMBRs achieved slightly higher COD 
removal efficiencies than the MBR, which could be attributed to the higher activity of 
microbial growth found in the attached biofilm that could utilize more organic 
substrates (Khan et al., 2011). Excellent nitrification was also achieved (more than 
99%) in all the three bioreactors.  
 
3.3.2 Membrane filtration behavior 
The development of TMP, as an important indicator of membrane fouling 
propensity, was monitored during the operating period. Figure 3.3 illustrates the 
profiles of TMP with operational time in the three bioreactors. The MBR took about 
17 d to reach a TMP of 30 kPa, while the MBMBR did so on day 25, which indicated 
that the MBMBR could reduce membrane fouling. This finding was in the agreement 
with Liu et al. (2012), who reported that the MBMBR process could reduce 
membrane fouling by lowering the concentrations of loosely bound EPS. The 
MBMBRSC were found to extend the filtration time to a greater extent. The TMPs of 
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MBMBRSC increased slowly in the first 80 d, followed by a plateau where the TMP 
stabilized around 20 kPa for over three months and eventually, rose to 30 kPa on day 
190. The membrane filtration cycle was about 8 and 11 times longer than those of the 
MBMBR and MBR, respectively. The MBMBRSC was operated for another 
membrane filtration cycle and similar TMP development was observed. Therefore, it 
could be speculated that mechanical effects of the bio-carriers on the membrane 
surface contributed more to fouling mitigation than the physio-chemical effects on 
modifications of mixed liquor. In order to confirm the hypothesis, characteristics of 
the mixed liquor suspensions were analyzed. 
Time (d)












 Figure 3.3. TMP profiles of the MBR, MBMBR and MBMBRSC. 
 
3.3.3 Characteristics of the mixed liquor suspensions 
3.3.3.1 MLSS concentrations 
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Stable MLVSS/MLSS ratios of 0.78-0.79 were observed in all of the three 
bioreactors. In this study, 650-750 mg/L of biomass was attached to the bio-carriers in 
the MBMBR and MBMBRSC. This finding was similar to Hu et al. (2012a), who 
observed 700-800 mg/L of attached biomass concentrations. On the other hand, 
17,000 mg/L of attached growth biomass concentration was reported by Lee et al. 
(2006), who used virgin polyurethane cubes coated with activated carbon (surface 
area of 35,000 m2/m3) as the biofilm carriers. In view of these findings, it could be 
inferred that the concentrations of attached-growth biomass highly depended on the 
type, surface area and filling ratios of the bio-carriers used, together with other 
operational conditions. 
The MLSS concentrations were 8,024±492, 7,491±643 and 7,584±489 mg/L in 
the MBR, MBMBR and MBMBRSC, respectively. The MLVSS concentration in the 
MBR (6,212±497 mg/L) was slightly higher than those of the MBMBR (5,807±612 
mg/L) and MBMBRSC (5,864±472 mg/L). When taking into consideration the 
attached-growth biomass, higher total biomass concentrations (both suspended and 
attached) were found in the two MBMBRs. This observation was supported by 
Leiknes and Ødegaard (2007), who reported that the MBMBR process could achieve 
a higher total biomass concentration with a lower suspended biomass concentration 
by having large amount of attached-growth biomass. MLSS was found to contribute 
to cake layer formation on the membrane surface in the MBR applications, therefore 
the lower MLSS concentrations in the two MBMBRs might contribute to longer 
membrane filtration duration. However, as the role of the MLSS concentration in 
membrane fouling is still controversial (Brookes et al., 2006, Chang and Kim, 2005, 
Rosenberger et al., 2005), it will be further evaluated by analyzing the membrane 
foulants, which is discussed in Section 3.3.5.  
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3.3.3.2 Organic fractions of MLS and permeate 
In recent years, much attention has been paid on dissolved organic matters 
(DOMs), as they were reportedly to be the major membrane foulants in both water 
and wastewater treatments (Kim et al., 2006, Rosenberger et al., 2005). In addition, 
they were reported to have relatively high specific filtration resistance (Yun et al., 
2006) and accelerated the growth of fouling cake layer (Chu and Li, 2005). Therefore, 
the detailed organic fractions in the MLS and permeate were analyzed by a LC-OCD 
instrument based on size-exclusion chromatography coupled with organic carbon (OC) 
and UV detectors. The OC chromatographs for MLS in the three bioreactors are 
shown in Figure 3.4. In the OC chromatogram, the first peak was a bypass peak that 
refers to the total dissolved organic carbon (DOC). The second peak with a retention 
time of around 29 min represented the biopolymers composed of polysaccharides and 
proteins that have molecular weight (MW) higher than 20k. The corresponding UV 
peak at 29 min was caused by absorption by the proteins, since polysaccharides were 
not detectable with UV (Rosenberger et al., 2006). The following three peaks that 
represented humics, building blocks and low molecular weight (LMW) acids were 
eluted at 43, 46 and 53 min, respectively. All other peaks showed after 60 min 
represent the LMW neutrals. Unlike biopolymers, the organics eluted after 
biopolymers had MW of less than 1,000. Hence, these organics were grouped as the 
LMW compounds. The OC value for each fraction that was obtained by ChromCALC 
(DOC-LABOR, Karlsruhe, Germany) together with its percentage with respect to the 
total DOC were presented in Table 3.3. 
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 Figure 3.4. Chromatographs of OC and UV for MLS in the three bioreactors. 
 
The biopolymers accounted for 10% of the total DOC in the MLS of the three 
bioreactors. In spite of their low concentrations, biopolymers were the fraction that 
demonstrated the highest rejection rates across the membranes. The MBR, MBMBR 
and MBMBRSC rejected 90.7, 90.0 and 87.5% of biopolymers, respectively. Based on 
the high rejection rates, biopolymers could potentially be the major foulants. This was 
in agreement with Rosenberger et al. (2006) who reported that biopolymers were 
considered as main foulants due to its high rejection rates across the membranes in the 
MBR processes. In addition, the accumulation of biopolymers on the membrane 
surface could result in a progressive growth of the fouling cake layer and accelerated 
membrane fouling (Chu and Li, 2005). About 90% of the total DOC was associated 
with the LMW compounds in the MLS of the three bioreactors. Although their sizes 
were much smaller than the membrane pore sizes, membrane could still reject certain 
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amount of LMW compounds by depositing onto the membrane surface by the suction 
drag force (Jin et al., 2013), or being adsorbed and intercepted by the cake layer. 
Their rejection rates were 18.1, 15.6 and 15.5% in the MBR, MBMBR and 
MBMBRSC, respectively. Therefore, the LMW compounds could not be ruled out as 
possible foulants. Comparing with the MBR, lower concentrations of biopolymers and 
LMW compounds in the MLS were found in the MBMBR. This could be one of the 
possible contributing factors to the lower fouling rate obtained in the MBMBR. In 
contrast, no significant difference between the two MBMBRs was found. This could 
mean that the DOMs were not the contributing factor to the different fouling 
behaviors of the MBMBR and MBMBRSC. 
Table 3.3. Concentrations of different organic fractions of MLS and permeate in the three bioreactors 
Category Reactor Total DOC (mg/L) 
Biopolymer (MW > 20k) LMW compounds (MW < 1000) OC (mg/L) OC (%) OC (mg/L) OC (%) 
MLS MBR 8.86 0.97 10.9 7.89 89.1 MBMBR 7.06 0.40 5.7 6.66 94.3 MBMBRSC 7.10 0.32 4.5 6.78 95.5 
Permeate MBR 6.55 0.09 1.4 6.46 98.6 MBMBR 5.66 0.04 0.7 5.62 99.3 MBMBRSC 5.77 0.04 0.8 5.73 99.2  
3.3.3.3 Proteins and carbohydrates 
Acknowledging the importance of biopolymers in membrane fouling, their major 
components – proteins and carbohydrates – in the MLS and the permeates were 
analyzed, and the results are shown in Figure 3.5. It was found that the two MBMBRs 
had lower concentrations of proteins and carbohydrates in the MLS (MLSP and MLSC) 
than the MBR, which demonstrated the same trend as the concentrations of 
biopolymers. This phenomenon could be explained by: 1) the richer microbial 
populations and different microbial communities in the MBMBR process that 
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contributed to higher organic removal rate (Liu et al., 2012); 2) the higher substrate 
utilization rates to sustain the higher biomass concentration in the MBMBR; and 3) 
bio-carriers could enhance the development of slowly growing microorganisms that 
are able to use some macro-molecules (proteins and carbohydrates) as substrate 
(Masse et al., 2006). The rejection rates of carbohydrates in the three bioreactors were 
higher than proteins. This was in agreement with Ng et al. (2006) who also reported 
that more carbohydrates could be rejected by the membrane compared to proteins. 
Moreover, several studies have shown that carbohydrates in MLS were the main 
contributor to membrane fouling (Rosenberger et al., 2006, Yigit et al., 2008). 
Therefore, the higher concentration of MLSC could potentially contribute to severe 
membrane fouling of the MBR. Similar to the biopolymers, the differences of the 
carbohydrate and protein concentrations in the MLS and permeates between the two 
MBMBRs were negligible, which indicated that circulation of the bio-carriers in the 
membrane compartment in the MBMBRSC had insignificant influence on the 
characteristics of MLS. 















14 MLSPMLSCProtein in permeateCarbohydrate in permeate
 
 MLSP MLSC Protein in permeate Carbohydrate in permeate Protein rejection rate Carbohydrate rejection rate MBR 7.80±1.80 9.91±2.26 6.11±0.95 7.43±1.15 18.5±9.2% 22.2±10.9% MBMBR 7.54±1.62 7.52±1.34 6.20±0.36 6.79±0.53 16.5±9.9% 20.7±8.7% MBMBRsc 7.76±1.30 7.37±0.89 6.12±0.64 6.68±0.91 16.1±10.4% 19.0±7.8% 
 Figure 3.5. Concentrations of proteins and carbohydrates in the MLS and permeate (mg/L). 
 
Given the results above, the accelerated membrane fouling rate encountered in 
the MBR was probably due to factors including higher concentrations of MLSS, 
LMW compounds, biopolymers and particularly higher concentration of 
carbohydrates. On the other hand, the different membrane fouling behaviors between 
the two MBMBRs might not be affected by mixed liquor characteristics. In order to 
further understand the different fouling mechanisms, and to verify the roles of MLSS 
and DOMs in membrane fouling among the three MBRs, the fouling resistance 
distributions were measured and the membrane foulants were extracted for further 
analysis when the TMP of membrane exceeded 30 kPa. 
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3.3.4 Fouling resistance distributions 
Fouling resistances were measured according to the resistance-in-series model 
(Choo and Lee, 1996) to evaluate the roles of different fouling mechanisms. The 
distributions of each component – cake layer resistance (RC), PBC resistance (RPBC) 
and intrinsic membrane resistance (Rm) – with respect to total resistance (RT) are 
shown in Table 3.4. For the MBR and the MBMBR, the dominant fouling mechanism 
was found to be cake layer formation as RC accounted for 84.8 and 79.4% of RT, 
respectively. Therefore, the faster formation of cake layer could contribute to the 
higher fouling rate of the MBR. In contrast, a slightly higher RPBC was observed for 
the MBMBR, which might be attributed to the relatively longer membrane filtration 
runs. The findings were supported by Chu and Li (2005), who reported that the 
filtration resistance by pore fouling increased from 10.5×1011 to 59.7×1011 m-1 after 
10 weeks of operation of the MBR. On the other hand, RC was only 47.2% of RT for 
the MBMBRSC, which was significantly lower than those of the MBR and MBMBR. 
Hence, the cake layer might not be the most important fouling contributor in the 
MBMBRSC. Similar fouling mechanism was also observed in aerobic granular MBR 
studies (Tay et al., 2007, Thanh et al., 2010, Wang et al., 2013). Wang et al. (2013) 
found that RPBC contributed to 76.21% of RT. In other words, RC is relatively low in 
their studies. They suspected that the aerobic granules with large floc size were 
difficult to attach or clog the surface of the membrane, which resulted in the PBC 
becoming the main factor of membrane fouling. For the present study, the reduced RC 
in the MBMBRSC compared to the MBMBR was probably due to the additional 
souring induced by the bio-carriers. These observations suggested that the cake layer 
fouling could be efficiently mitigated by mechanical scouring of the bio-carriers. 
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Table 3.4. Fouling resistance distribution (×1011 m-1 (%)) 
 MBR  MBMBR  MBMBRSC RC 42.88 (84.8) 40.16 (79.4) 23.87 (47.2) RPBC 6.27 (12.4) 8.99 (17.8) 25.28 (50.0) Rm 1.42 (2.8) 1.42 (2.8) 1.42 (2.8) RT 50.57 (100.0) 50.57 (100.0) 50.57 (100.0)  
3.3.5 Characteristics of membrane foulants 
Since cake layer played a very important role in membrane fouling especially in 
the MBR and MBMBR, the components of the fouling cake layer were analyzed 
(Table 3.5). The MBMBR had a higher amount of total cake layer (4.51 g/m2) than 
that of the MBR (3.10 g/m2) but a lower colloidal and solutes than those of the MBR. 
Compared to the MBMBR, the MBMBRSC had a much lower amount of cake layer 
(1.81 mg/m2). These findings supported the hypothesis that the cake layer could be 
efficiently controlled by mechanical scouring of the bio-carriers. The conclusion will 
be verified further by the detailed analysis of the membrane foulants. 
The suspended biomass was reported to be the major contributor to the cake 
layer in the literatures (Jin et al., 2013, Meng et al., 2007). Therefore, it is necessary 
to analyze the TSS and the TVSS in the cake layers. The TSS concentrations were 
1,500, 3,000 and 1,125 mg/m2 and the TVSS concentrations were 1,290, 2,325 and 
688 mg/m2 for the cake layers in the MBR, MBMBR and MBMBRSC, respectively. 
Concentrations of the TSS and the TVSS in the cake layer of the MBMBR were 
higher than those of the MBR, which could be resulted from the longer filtration time 
that allowed more MLSS to attach to the cake layer. Yun et al. (2006) also reported 
that higher amount of biomass and higher porosity were obtained in the cake layer of 
an MBR with much longer filtration time when treating synthetic dye wastewater. 
Polysaccharides were found to contribute to a smaller porosity and cause a greater 
loss of filterability in their study. Hence, the higher amount of colloidal and solutes 
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could result in the forming of a denser cake layer with a higher resistance in the MBR 
than in the MBMBR. This observation suggested that the role of MLSS concentration 
in the membrane fouling in this study was probably negligible, which was in 
agreement with several other studies (Hong et al., 2002, Le-Clech et al., 2003, 
Lesjean et al., 2005). Comparing to the MBMBR, the TSS in the cake layer of the 
MBMBRSC were only one third of that in the MBMBR in spite of its remarkably 
longer filtration time. Shear force has been reported to dislodge the sludge cake (Chu 
and Li, 2005). Therefore, the lower TSS in the cake layer of the MBMBRSC compared 
to the MBMBR, where the shear force was only provided by aeration, indicated that 
the addition of bio-carriers in the membrane compartment could enhance the shear 
force to detach the suspended solids from the membrane surface. 
Table 3.5. The components of fouling cake layer (values (%)) 
 TSS  (g/m2) CODC (g/m2) CODS (g/m2) Inorganic matter (g/m2) Total (g/m2) MBR 1.50 (48.4) 0.53 (17.1) 0.22 (7.1) 0.85 (27.4) 3.10 MBMBR 3.00 (66.5) 0.48 (10.6) 0.19 (4.3) 0.84 (18.6) 4.51 MBMBRSC 1.10 (60.8) 0.19 (10.5) 0.09 (5.0) 0.43 (23.7) 1.81  
Although the concentrations of MLSS and MLVSS might not be the key factors 
affecting membrane fouling rate, some specific bacterial groups have been found to 
associate with membrane fouling (Drews et al., 2007, Huang et al., 2008a, Miura et al., 
2007). Therefore, the bacterial communities in the cake layer were investigated and 
compared with the bulk biomass using the 454-pyrosequencing technology. The 
distributions of bacteria populations at phylum level are shown in Figure 3.6. It can be 
observed that Bacteroidetes and Proteobacteria were the dominant phyla, comprising 
between 74.9 and 89.4% of the total bacterial sequences in all the samples except the 
cake layer of the MBMBRSC. The dominance of phyla Bacteroidetes and 
Proteobacteria in the cake layers of the MBR and MBMBR was due to their relative 
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abundance in the bulk biomass. The finding was in agreement with many studies that 
reported Proteobacteria or Bacteroidetes to be the dominant phylum in biofouled 
MBR membranes (Ahmed et al., 2007, Huang et al., 2008a, Miura et al., 2007). On 
the other hand, Nitrospirae was the dominant phylum comprising 39.2% of the total 
bacterial sequences in the cake layer of the MBMBRSC. Genus Nitrospira was the 
only detected taxon within the phylum of Nitrospirae in this study. Compared to other 
species, Nitrospira spp. exhibited higher resistances to shear stresses and many 
adverse environmental conditions by embedding in EPS matrix (Larsen et al., 2008). 
Hence, other bacterial species with lower resistances to shear could be dislodged and 
transported back into the bulk biomass with the excessive shear forces induced by the 
bio-carriers in the MBMBRSC. As a result, the selective enrichment of Nitrospirae 
was observed. 















Bulk sludge Cake layer  Figure 3.6. Bacterial community composition between bulk sludge and cake layer at phylum-level (phyla with abundance lower than 2% were assigned to “other”).  
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As DOM could induce significant fouling resistances in MBRs (Nagaoka et al., 
2000, Wang et al., 2009), the DOMs in the cake layers were further analyzed and the 
results are shown in Table 3.6. Approximately 60% of the DOC in the cake layer 
suspensions was biopolymers and the remaining of 30-40% were LMW compounds, 
which suggested that both the biopolymers and LMW compounds could be 
incorporated into cake layers. More biopolymers were found in the cake layer of the 
MBR than that of the MBMBR, while the MBMBRSC had the lowest values of DOC, 
biopolymers and LMW compounds in the cake layer. The biopolymers were found as 
the main components of the DOC in the cake layer suspensions (Table 3.6) although 
they only contributed to a small portion of the DOC (less than 11%) in the MLS 
(Table 3.3) of the three bioreactors. This indicated that biopolymers played a more 
important role in the cake layer formation. Nagaoka et al. (2000) and Yun et al. (2006) 
also reported that the accumulation of biopolymers in the cake layers was the main 
reason for the high filtration resistance. A positive correlation could be found between 
the concentrations of biopolymers in the cake layers and the membrane fouling rates. 
Therefore, more severe membrane fouling observed in the MBR was probably caused 
by the biopolymers rather than LMW compounds. In addition, the scouring of bio-
carriers in the MBMBRSC could also effectively control the organic matters in the 
cake layer, which therefore, resulted in a prolonged filtration time. 
As PBC contributed to membrane fouling in this study and DOMs were found to 
contribute to PBC (Yu et al., 2014), the DOMs in the membrane PBC foulants were 
also analyzed. The results showed that the LMW compounds contributed to a higher 
portion of the DOC than the biopolymers in the PBC foulants in all of the three MBRs 
(Table 3.6), probably due to the smaller size of the LMW compounds. In addition, 
higher concentrations of the biopolymers and the LMW compounds in the PBC 
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foulants were found in the MBMBR than in the MBR. The concentration of dissolved 
organics in the PBC foulants was found positively correlated with RPBC. For the 
MBMBRSC, the DOC in the PBC foulants and the RPBC were the highest among the 
MBRs. Therefore, more DOMs accumulated in the PBC foulants in the MBMBRSC 
could be one of reasons for causing higher RPBC. 
Table 3.6. Specific concentrations of different organic fractions in the cake layer and the PBC foulants of the three MBRs 
Category Reactor Total DOC (mg/m2) 
Biopolymer (MW > 20k) LMW compounds (MW < 1000) OC (mg/m2) OC (%) OC (mg/m2) OC (%) 
Cake layer MBR 107.68 74.57 69.3 33.11 30.7 MBMBR 99.17 63.70 64.2 35.47 35.8 MBMBRSC 48.54 28.28 58.3 20.26 41.7 
PBC MBR 24.28 7.12 29.3 17.16 70.7 MBMBR 37.19 7.87 21.2 29.32 78.8 MBMBRSC 47.35 17.20 36.3 30.16 63.7  
Other than the DOMs, the ion elements from the influent wastewater and 
activated sludge have also been reported to play significant roles on membrane 
fouling (Meng et al., 2007). Seidel and Elimelech (2002) reported that the severe flux 
decline in nanofiltration was caused by the development of a densely compacted 
fouling layer due to the binding of calcium to natural organic matter. Therefore, the 
inorganic matters in the membrane foulants were also analyzed, and the major 
inorganic ions were found to be SO42-, PO43-, Ca2+, Mg2+ and NH4+ in the cake layer 
(Table 3.7). The concentrations of these different inorganic contents were quite 
similar between the MBR and MBMBR. Comparing with the MBMBR, the 
MBMBRSC had lower concentrations of inorganic matters in the cake layer. This 
observation suggested that the inorganic matters could also be effectively reduced by 
the scouring of the bio-carriers. Metal clusters and metal ions could be caught by 
biopolymers to cause bridging effect between biopolymers and inorganic matters that 
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contributed to lower cake layer porosity (Jin et al., 2013) that resulted in enhanced 
membrane fouling (Meng et al., 2007). Therefore, the lower concentrations of both 
the organic and inorganic matters in the cake layer of the MBMBRSC could result in 
lower cake layer resistance. However, a large volume of inorganic matters were found 
in the PBC foulants of the MBMBRSC. Hence, higher concentrations of organic and 
inorganic matters in the PBC foulants could increase the chances of bridging 
relationship between deposited biopolymers and metal ions, which could further 
enhance the PBC. As a result, the bridging effect could enhance the attachment of 
PBC foulants in the MBMBRSC. Therefore, the higher concentrations of organic and 
inorganic matters in the PBC foulants of the MBMBRSC, as well as the bridging effect 
might be the reason for only 81.5% of recovery rate achieved after backwash and 
sonication by DI water. 
Overall, the cake layer was effectively controlled by the scouring of bio-carriers, 
while the result of lower cake layer fouling was that less membrane foulants were 
rejected by the cake layer, which in turn caused more PBC. Moreover, more PBC 
foulants filtered through the membrane under the longer membrane filtration runs 
could be another significant factor of increasing RPBC in the MBMBRSC. Jin et al. 
(2013) and Meng et al. (2007) also reported the cake layer fouling was the dominant 
fouling mechanism in aerobic MBR systems. Therefore, the significantly better 
membrane filtration performance in the MBMBRSC could be attributed to the 
effectively mitigation and controlling of the cake layer by the mechanical scouring of 
bio-carriers. The plateau observed from day 80th to 172th might be the results of equal 
foulants accumulation and reduction rates in the cake layer. Gradually accumulation 
of the dissolved organic and inorganic matters in the PBC and their combined 
bridging effects might contribute to the final TMP jump observed from day 173th to 
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190th in the MBMBRSC. Cicek et al. (1999a) reported the accumulation of phosphorus 
related calcium and magnesium complexes in the bioreactor for the treatment of 
simulated municipal wastewater by a ceramic MBR. Under excess phosphorus 
conditions, these crystals caused abrasion of the membrane active filtration layer and 
led to higher permeability. Therefore, the severe PBC caused by the accumulation of 
inorganic matters had potential to increase damage to the ceramic membrane. Even 
though the higher permeability and the abrasion of the membrane were not observed 
in this study, the potential damage of membrane need to be carefully examined in the 
future long-term operation of the ceramic MBR under the scouring of bio-carriers for 
the treatment of wastewater containing high concentrations of phosphorus. 
Table 3.7. Inorganic contents in the cake layer and PBC (mg/m2) 
Category Reactor NH4+ Mg2+ Ca2+ SO42- PO43- 
Cake layer MBR 41.2 46.3 196.3 312.5 252.5 MBMBR 51.2 41.3 178.8 295.6 279.0 MBMBRSC 16.3 17.5 113.8 153.0 130.8 
PBC MBR 1.1 6.4 91.3 132.0 67.5 MBMBR 1.5 7.1 94.9 141.8 71.8 MBMBRSC 6.0 21.4 192.4 319.5 137.6  
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3.4 Summary 
In this phase, two types of MBMBRs (with and without bio-carriers’ scouring) 
were compared with a conventional MBR to investigate the effects of bio-carriers on 
membrane fouling for the treatment of real domestic wastewater. Higher 
concentration of total biomass but lower concentration of suspended biomass was 
achieved in the two MBMBRs. The mechanisms of different membrane fouling 
behaviors between the MBMBR and conventional MBR were elucidated. The results 
postulated that the MBMBR process could extend the membrane filtration duration. In 
addition, scouring of the membrane surface by bio-carriers could effectively control 
membrane fouling and the effect of bio-carriers on mitigation of membrane fouling 
relied more on mechanical effects of bio-carriers scouring rather than physio-chemical 
effects of mixed liquor suspension. From the characterizations of the mixed liquor 
suspensions and the membrane foulants, the better membrane filtration performance 
achieved in the MBMBR than the MBR could be primarily due to the lower 
concentration of biopolymers, especially lower concentration of carbohydrates. In 
addition, it was also probably attributed to the lower concentration of LMW 
compounds but not the lower MLSS concentration. The results suggested that the 
dominant fouling mechanism in the MBR and MBMBR could be cake layer fouling, 
while it could be significantly mitigated and controlled by the scouring of bio-carriers 
in the MBMBRSC. The mechanical effects of bio-carriers could enhance the shear 
force on the membrane surface, which was well supported by the selective enrichment 
of Nitrospirae in the cake layer of the MBMBRSC. Not only the TSS but also the 
organic and the inorganic matters in the fouling cake layer of the MBMBRSC were 
largely reduced by the scouring of bio-carriers. The effective mitigation and 
controlling of the cake layer fouling contributed to the great enhancement of the 
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membrane filtration performance in the MBMBRSC, while the slowly accumulation of 
the dissolved organic matters and the inorganic matters in the PBC as well as their 
combined bridging effects might cause the final membrane fouling. 
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CHAPTER 4 MEMBRANE FOULING BETWEEN 
A MEMBRANE BIOREACTOR AND A MOVING BED 
MEMBRANE BIOREACTOR: EFFECTS OF SOLIDS 
RETENTION TIME  
 
4.1 Introduction  
Many factors have been identified as directly and indirectly affecting membrane 
fouling in MBR such as MLSS, biological floc size, colloidal particle size, EPS and 
SMP (Ahmed et al., 2007, Bai and Leow, 2002, Meng and Yang, 2007, Rosenberger 
et al., 2005, Rosenberger et al., 2006). Therefore, many efforts have been made to 
optimize these factors by adjusting the operating conditions, i.e., SRT, HRT and 
aeration rate (Han et al., 2005, Ng et al., 2006, Rosenberger and Kraume, 2002). 
Among these operating conditions, SRT, which could affect both the treatment 
performance and the characteristics of biomass, is considered as the most important 
parameter in MBR operation. Concentration of MLSS, EPS, SMP, viscosity of sludge 
suspension and size of bio-floc were found to have correlation with SRT (Ahmed et 
al., 2007, Han et al., 2005, Lee et al., 2003, Ng et al., 2006). However, conflicting 
results regarding the effects of SRT on membrane fouling have been reported in these 
studies. 
In addition to optimizing the operating conditions, some researchers developed 
hybrid MBR processes to extend the membrane filtration operating time such as 
powdered activated carbon (PAC) MBR (Munz et al., 2007), bio-entrapped MBR (Ng 
et al., 2011) and MBMBR (Leiknes and Ødegaard, 2007). Due to the high 
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maintenance costs of PAC in the PAC-MBR and chemicals involved in bio-ball 
preparation in bio-entrapped MBR, the application of full-scale PAC-MBR and bio-
entrapped MBR is very limited. On the other hand, MBMBR with advantages of 
easier operation, higher specific biomass activities and better treatment performance 
has been widely employed in wastewater treatment.  
To date, the investigation on the effects of operating conditions on membrane 
fouling in MBMBR is still limited. Most of the MBMBR studies focused only on the 
effects of HRT (Ivanovic et al., 2006), aeration rate (Ivanovic and Leiknes, 2008, Lee 
et al., 2006) and bio-carriers filling ratio (Hu et al., 2012a, Lee et al., 2006), while few 
information is available on the effects of SRT. It is well known that operating a 
bioreactor at a long SRT could minimize sludge production and enable effective 
nitrification; while operating at a short SRT could reduce external energy usage and 
concurrently maximize sludge production for biogas generation (Ng and 
Hermanowicz, 2005). Thus, a wide range of operating SRTs could be adopted in the 
real applications according to various specific considerations. Given that SRT is one 
of the most important operating parameter in MBR, therefore, it is necessary to 
investigate the effects of SRT in MBMBRs as well.  
In addition, the understanding of microbial community development is necessary 
for the optimization of wastewater treatment process (Liang et al., 2010, Malaeb et al., 
2013, Reboleiro-Rivas et al., 2015). Recently, some studies have investigated the 
effects of several operating parameters, including HRT, concentration of MLSS, 
temperature and characteristics of influent wastewater, on microbial community 
structures (Gómez-Silván et al., 2014, Reboleiro-Rivas et al., 2015, Wells et al., 2011). 
However, few studies have linked the bacterial population dynamics to the variation 
of SRTs in both the MBR and MBMBR.  
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Therefore, the objective of this study is to compare the membrane fouling 
behaviors and microbial community structures between the MBR and MBMBR under 
the different operating SRTs (5, 10, and 20 d). The characteristics and mechanisms of 
different fouling behaviors will be investigated by analyzing the properties of mixed 
liquor suspensions, membrane foulants and bacterial population dynamics in the MBR 
and MBMBR. 
 
4.2 Experimental set-up and operating conditions  
 
 
Figure 4.1. Schematic diagram of the MBR and MBMBR. 
 
Two bench-scale bioreactors (an MBR and an MBMBR) were operated in 
parallel under different SRT of 20, 10 and 5 d as shown in Figure 4.1. The operating 
SRTs were controlled by wasting activated sludge regularly based on the total 
biomass concentration (both suspended and attached growth biomass).  For the MBR, 
320, 640 and 1,280 ml of mixed liquor suspension was discharged per day under the 
SRT of 20, 10 and 5 d, respectively. For the MBMBR, 410, 810 and 1,500 ml of 
mixed liquor suspension was discharged per day under the SRT of 20, 10 and 5 d, 
respectively. Both the MBR and MBMBR had an effective volume of 6.4-L 
comprising of two compartments: a main compartment and a membrane compartment 
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with volume of 3.73 and 2.67 L, respectively. Within the membrane compartment, a 
single flat sheet ceramic membrane (ItN, German) with nominal pore size of 0.1 μm 
and total surface area of 0.08 m2 was installed. A membrane suction cycle of 4.5-min 
on and 0.5-min off was adopted and an average membrane operating flux of 20 LMH 
with an aeration rate of 2 L/min was controlled. TMP was measured using a digital 
pressure gauge (SMC, ZSE50F) installed between the membrane module and 
permeate pump, and was recorded by an analog data logger (Onset HOBO, UX120). 
The suspended bio-carrier in the MBMBR was made of polypropylene and had a 
surface area of 500 m2/m3 and a density of 573.3 kg/m3 with a dimension of 12mm, 
10mm and 7mm in length, width and height, respectively. 1,600 pieces of bio-carriers 
were dosed into the MBBR compartment. As a result, the filling ratio was 20%. All of 
the bio-carriers were circulated throughout the MBBR compartment with an aeration 
rate of 2 L/min. Both the bioreactors were operated under ambient temperature of 
27±2˚C and pH was controlled at 7.0±0.3 using a pH controller (Etatron, HD-PH/P). 
The MBR and the MBMBR were continuously fed with real domestic wastewater 
collected after primary sedimentation tank from a local water reclamation plant 
located in Singapore. Prior to the addition into a feed tank, the wastewater was sieved 
with a 1-mm pore sized sieve to remove large particles.  
The sampling and analytical methods were the same as Section 3.2.2 and Section 
3.2.3. Microbial community diversity analyses were conducted by the 454-
pyrosequencing technology. The suspended biomass in the mixed liquor and attached 
biofilm on the bio-carriers were collected at steady-state conditions (day 102, day 210 
and day 273 for the SRT of 20 d, 10 d and 5 d, respectively). A total of 58,602 
effective sequences were obtained after filtering from 75,821 raw sequences for 
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bacterial communities with average sequence length of 422 bp. The pyrosequencing 
data for all the samples were summarized in Table 4.1. 
 
Table 4.1. Summary of pyrosequencing data for samples of the suspended biomass and attached biofilm 
Category Number of sequences OTUs* Shannon-Wiener index* Coverage* 
Suspended biomass 
SRT 20 MBR 5674 1308 5.60 0.85 MBMBR 5450 1307 5.76 0.85 
SRT 10 MBR 7210 1048 5.21 0.93 MBMBR 7979 1607 5.70 0.88 
SRT 5 MBR 7036 1441 5.80 0.88 MBMBR 7191 1447 5.72 0.88 
Attached biofilm 
SRT 20 MBMBR 4308 1021 5.53 0.86 SRT 10 MBMBR 7222 1442 5.51 0.88 SRT 5 MBMBR 6532 1377 5.76 0.88 *Generated at 97% similarity threshold. 
 
4.3 Results and discussion 
4.3.1 Treatment performance 
Table 4.2 summarizes the treatment performance of the MBR and MBMBR at 
the SRT of 20, 10 and 5 d. Both the MBR and MBMBR exhibited good COD removal 
efficiencies of above 90% at the all examined SRTs. The MBMBR showed slightly 
higher performance for removing organics than the MBR. In addition, both the MBRs 
demonstrated excellent nitrification with NH4+-N removal efficiencies of over 99%. 
The TN removal achieved by the MBMBR was slightly higher than the MBR under 
all the examined SRTs. These findings suggested that the two bioreactors worked well 
during the operating period.  
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Table 4.2. Treatment performance of the MBR and MBMBR.  
 SRT 20 SRT 10 SRT 5  MBR MBMBR MBR MBMBR MBR MBMBR Influent COD (mg/L) 389.5±60.0 410.6±73.2 332.9±65.2 Effluent COD (mg/L) 26.5±6.3 18.9±6.7 29.5±7.2 26.1±7.3 32.1±6.2 27.7±3.9 COD removal rate (%) 93.0±2.0 94.8±2.6 92.6±2.1 93.5±1.8 90.2±1.8 91.5±1.3 Influent NH4+-N (mg/L) 37.7±3.9 39.9±4.5 37.0±5.0 Effluent NH4+-N (mg/L) 0.2±0.1 0.1±0.1 0.4±0.4 0.3±0.2 0.2±0.2 0.2±0.2 NH4+-N removal rate (%) 99.5±0.3 99.7±0.3 99.1±1.0 99.3±0.7 99.5±0.4 99.6±0.7 Influent TN (mg/L) 58.4±8.6 62.4±5.1 54.2±6.6 Effluent TN (mg/L) 40.6±7.3 38.2±7.7 45.7±4.6 43.2±5.0 44.3±4.0 41.3±4.8 TN removal rate (%) 30.5±8.6 34.7±8.5 26.8±6.0 30.7±5.6 17.8±4.0 23.6±3.5 
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4.3.2 TMP development 
TMP increment rate as an important indicator of membrane fouling rate was 
continuously monitored over the period of experimental run. The TMP was recorded 
in the MBR and MBMBR during the steady state condition from day 40th. On day 
140th and day 230th, the SRT of the MBR and MBMBR were changed to 10 and 5 d, 
respectively. The bioreactors were allowed to run for a period of longer than 3 times 
of the targeted SRT to reach the steady-state condition. Figure 4.2 compares the TMP 
development of the MBR and MBMBR at the studied SRTs (20, 10, and 5 d) during 
the steady state condition. At a SRT of 20 d (Figure 4.2a), the MBR and MBMBR 
took about 12.8 to 13.5 d and 18.8 to 20.2 h, respectively, to reach TMP of 30 kPa. At 
a SRT of 10 d (Figure 4.2b), the MBR and MBMBR took about 6.9 to 7.9 and 9.4 to 
10.4 d, respectively, to reach TMP of 30 kPa. Nevertheless, at a SRT of 5 d (Figure 
4.2c), both the MBR and MBMBR showed rapid increment of TMP from the start of 
operation. The MBR took about 2.9 to 3.7 d and the MBMBR took about 5.1 to 6.3 d 
to reach TMP of 30 kPa. Under all of the studied SRTs, the MBMBR exhibited 
slower rate of TMP rise compared to the MBR, which indicated lower rate of 
membrane fouling. The results showed that the MBMBR with the addition of bio-
carriers was effective in reducing membrane fouling probably by physio-chemically 
modifying sludge characteristics. Hu et al. (2012a) also concluded that the physio-
chemical effects of bio-carriers in the MBMBR could extend membrane filtration 
time. In addition, Deng et al. (2014) found that the MBMBR with addition of sponge 
bio-carriers could mitigate membrane fouling under infinite SRT conditions (no 
sludge withdrawal) treating synthetic wastewater. Therefore, it could be speculated 
that the MBMBR could extend the membrane filtration operating time than the MBR 
under the various SRTs.  
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The MBR was observed to be less proned to membrane fouling under longer 
SRT, which was in the same agreement with other studies on membrane fouling in the 
MBRs (Ahmed et al., 2007, Masse et al., 2006, Ng et al., 2006). Similar results were 
also found in the MBMBR showing that the membrane fouling was more severe at a 
shorter SRT. Furthermore, the membrane filtration time was nearly doubled in the 
MBMBR compared to the MBR at the SRT of 5 d. It might suggest that the mitigation 
of membrane fouling in the MBMBR could be more pronounced at the shorter SRT. 
The factors that contributed to the different membrane fouling behaviors between the 
MBMBR and MBR will be discussed further in the subsequent sections. 
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 Figure 4.2. TMP profiles of the MBR and MBMBR: (a) SRT 20 d; (b) SRT 10 d; (c) SRT 5 d. 
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4.3.3 MLSS Concentration 
Throughout the operation period, stable MLVSS/MLSS ratios of 0.77 to 0.80 were 
achieved in both the MBR and MBMBR. Figure 4.3 presents the average concentrations of 
MLSS in the MBR and the MBMBR at different SRTs under steady-state condition. The 
MLSS concentrations in the MBR were observed to be 11639 ± 736, 6951 ± 654 and 2987 ± 
798 mg/L at SRT of 20, 10 and 5 d, respectively. These values were 24, 22 and 18% higher 
than those in the MBMBR having concentrations of 8894 ± 486, 5447 ± 653 and 2445 ± 589 
mg /L, respectively. The observation was supported by Leiknes and Ødegaard (2007), who 
reported that the MBMBR process could achieve a lower suspended biomass concentration 
due to the growth of attached biomass on the bio-carriers. Although the MLSS contributed to 
cake layer formation on the membrane surface in most of the MBR studies, the role of the 
MLSS concentration as the key issue affecting membrane permeability is still being debated. 
Several researchers observed more severe membrane fouling with a rise in MLSS 
concentration (Chang and Kim, 2005, Cicek et al., 1999b). Han et al. (2005) also reported 
that with the increase in MLSS concentration in the MBR, higher sludge viscosity could 
affect the bubble size and lower the effect of aeration intensity. Nevertheless, other 
researchers demonstrated the improved membrane permeability with increase of the MLSS 
concentration (Brookes et al., 2006, Lee et al., 2001).  
In this study, the MLSS concentrations reduced, but the membrane fouling rates 
increased in both the MBR and MBMBR when the SRT was decreased. On the other hand, 
the MBMBR with a lower MLSS concentration achieved a lower fouling rate. Based on the 
observations, MLSS concentration probably did not affect membrane fouling in this study, 
which was in consistence with several literatures (Hong et al., 2002, Jefferson et al., 2004, 
Le-Clech et al., 2003). 
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 Figure 4.3. MLSS concentrations in the MBR and MBMBR 
 
4.3.4 EPS and SMP components 
SMP has been identified as one of the key factors affecting membrane fouling in many 
MBR studies (Ng et al., 2006, Rosenberger et al., 2006), while the direct impact of EPS on 
membrane fouling was still being debated (Meng et al., 2009, Rosenberger and Kraume, 2002, 
Yamato et al., 2006). As the formation of EPS is positively correlated with growth rate of 
biomass and also closely related to the formation of SMP (Laspidou and Rittmann, 2002), 
therefore, it is necessary to monitor the specific concentration of EPS (mg EPS/g MLVSS). 
Figure 4.4 summarizes the average concentrations of EPSP and EPSC, as well as SMPP and 
SMPC in the MBR and MBMBR. The results showed that the concentrations of proteins and 
carbohydrates in EPS and SMP increased in both the MBR and MBMBR when the SRT was 
decreased, which were in agreement with several MBR studies (Ahmed et al., 2007, Masse et 
al., 2006, Ng et al., 2006). The reductions of EPS and SMP concentrations at a higher SRT 
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could be due to the following reasons: a) The growth rate of biomass decreased when the 
SRT was increased, which resulted in a lower production rate of SMPs (Masse et al., 2006); b) 
Lower F/M ratio due to a higher SRT could enhance the SMP degradation as substrate by 
microorganisms (Ahmed et al., 2007); c) Some species with lower specific EPS content could 
grow at a higher SRT (Ahmed et al., 2007); and d) More SMP as substrates were utilized to 
sustain the higher biomass population at a higher SRT. Therefore, the lower concentrations of 
SMPP and SMPC could contribute to the lower membrane fouling propensity observed at a 
higher SRT in the MBR and MBMBR. 
Under all the operating SRTs, the SMPP and SMPC concentrations in the MBMBR were 
8.2 to 31.6% and 15.2 to 19.9% lower than those in the MBR, respectively. The finding could 
be attributed to the higher substrate removal rate by the richer microbial population and 
different microbial communities in the MBMBR (Liu et al., 2012). In addition, Khan et al. 
(2011) also reported that the biomass attached on the bio-carriers could have higher rates of 
substrate and nutrients consumption by the greater microbial activity. The mechanisms 
involved in the lower SMP concentration in the MBMBR will be further investigated by 
analyzing the microbial populations in Section 4.3.9. As SMP was the main contributor to 
membrane fouling in many MBR studies (Meng et al., 2009, Rosenberger et al., 2006, Yigit 
et al., 2008), the reduction of SMP in the MBMBR compared to the MBR could contribute to 
the lower membrane fouling propensity achieved. 


























SRT 20 SRT 10 SRT 5 MBR MBMBR MBR MBMBR MBR MBMBR Specific EPSP (mg BSA/g MLVSS) 17.07±1.77 14.70±1.24 40.70±4.59 39.90±2.78 65.51±4.01 64.41±4.01 Specific EPSC (mg glucose/g MLVSS) 11.53±2.13 8.18±1.32 11.18±1.00 10.26±2.00 14.40±2.40 14.39±2.37 SMPP (mg BSA/L) 15.00±3.95 10.26±2.52 28.54±2.90 25.65±3.83 33.49±7.83 30.75±8.17 SMPC (mg glucose/L) 10.39±3.42 8.81±3.19 12.16±2.66 9.80±2.11 13.61±2.72 10.90±1.40   Figure 4.4. Specific EPS (mg/g MLVSS) and SMP (mg/L) concentrations.  
4.3.5 Organic fractions in MLS and permeate 
In order to further analyze the role of dissolved organic matters (DOMs) in membrane 
fouling, detailed organic fractions in the MLS and permeate were measured using the LC-
OCD instrument. Table 4.3 summarizes the concentrations of various organic fractions 
presented in the MLS and the permeate samples. The results showed that the MLS and the 
permeate samples contained a large proportion of LMW compounds, accounting for 63.1 to 
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81.6% and 90.2 to 97.9% of the total DOC, respectively. The LMW compounds could easily 
deposit onto the membrane surface by the suction drag force (Jin et al., 2013) or could be 
adsorbed in the membrane pores. Therefore, the 12.5 to 21.5% rejection rates of LMW 
compounds were still observed, although the size of LMW compounds was smaller than the 
membrane pore size. In addition, the biopolymers only accounted for a relatively low 
proportion of DOC (18.4 to 36.9%) in the MLS, but high rejection rates of biopolymers (85.3 
to 92.5%) were found in both the MBR and MBMBR possibly due to size exclusion. 
Rosenberger et al. (2006) also reported that the membrane in the MBR could reject most of 
the biopolymers. Therefore, the presence of biopolymers could increase the membrane 
fouling propensity. 
SRT was found to have impacts on both the concentration and composition of DOC in 
the MLS. With the decrease of SRT, both the concentrations of biopolymers and LWM 
compounds were increased, which led to the increment of DOC concentrations in the MBR 
and MBMBR. For the composition of DOC, the relative abundances of biopolymers 
increased from 25.4 to 36.9% and 18.4 to 34.3% in the MBR and MBMBR, respectively, 
when the SRT was decreased from 20 to 5 d, while the relative abundances of LMW 
compounds decreased from 74.6 to 63.1% and 81.6 to 65.7% in the MBR and MBMBR, 
respectively. One of the possible reasons for the observation was that the acclimatized 
microorganisms at the longer SRT were able to break down the biopolymers with relatively 
high molecular weights, resulting in the shift of molecular weight distribution to a lower 
range (Shin and Kang, 2003).  
Comparing with the MBR, the concentrations of biopolymers in the MLS of the 
MBMBR were lower under all the examined SRTs, which was consistent with the results of 
lower concentrations of SMPP and SMPC achieved. As the accumulation of biopolymers 
formed a sticky foulant layer on the membrane surface that facilitated bacterial adhesion 
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(Chu and Li, 2005), higher concentration of biopolymers could result in a faster formation of 
cake layer and an increase in membrane filtration resistance. Therefore, the lower 
concentration of biopolymers in the MBMBR could be one of the reasons for the mitigation 
of membrane fouling. Also, it was probably one of reasons for the lower membrane fouling 
rate at the longer SRT in both the MBR and MBMBR. In addition to the biopolymers, the 
enhanced filtration performance in the MBMBR and at the longer SRT could also be 
attributed to the lower concentration of LMW compounds, as they might be associated with 
the cake layer formation and PBC.  
Table 4.3. Concentrations of different organic fractions of the SMP and permeate. 
  DOC (mg/L) 
Biopolymers (MW > 20k) 
LMW compounds (MW < 1000) OC (mg/L) OC (%) OC (mg/L) OC (%) MLS SRT 20 MBR 10.57 2.68 25.4 7.89 74.6 MBMBR 9.09 1.67 18.4 7.42 81.6 SRT 10 MBR 12.74 4.48 35.2 8.26 64.8 MBMBR 11.11 3.23 29.1 7.88 70.9 SRT 5 MBR 15.87 5.86 36.9 10.01 63.1 MBMBR 13.90 4.77 34.3 9.13 65.7 Permeate SRT 20 MBR 7.10 0.20 2.8 6.90 97.2 MBMBR 6.18 0.13 2.1 6.05 97.9 SRT 10 MBR 7.59 0.44 5.8 7.15 94.2 MBMBR 6.94 0.36 5.2 6.58 94.8 SRT 5 MBR 8.80 0.86 9.8 7.94 90.2 MBMBR 7.66 0.49 6.4 7.17 93.6  
4.3.6 Membrane fouling resistance 
Pore blocking, pore constriction and cake layer fouling are the three typical membrane 
fouling mechanisms (Steiner, 1997). Generally, the degree of membrane fouling is commonly 
expressed by fouling resistance. The fouling resistance distribution was measured according 
to the resistance-in-series model (Choo and Lee, 1996) when the TMP of membrane 
exceeded 30 kPa (Figure 4.5). The cake layer formation was found to be the dominant fouling 
mechanism in the MBR and MBMBR, which contributed to 79.2 to 89.5% of the total 
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resistance. The MBR was found to have higher RC than the MBMBR through the examined 
SRTs. The results could be attributed to the higher concentration of DOMs in the MLS, 
which might induce the faster formation of cake layer and the increase of RC, since the 
DOMs especially biopolymers were reported to be the main reason for the high RC 
encountered (Nagaoka et al., 2000, Yun et al., 2006). In addition, attached biomass on the 
bio-carriers could function to adsorb DOMs in the MLS (Riffat, 2013). Therefore, the RC in 
the MBMBR was reduced probably due to the less accumulation of DOMs in the cake layer. 
As a result, slower formation of the cake layer and better membrane filtration performance 
were achieved.  
Furthermore, it was also observed that the increment of SRT could reduce the RC, 
although higher MLSS concentration was found at the longer SRT. The observation 
suggested that the higher MLSS concentration did not significantly contribute to the faster 
formation of cake layer, which was consistent with the previous hypothesis in Section 4.3.3. 
Instead, the DOMs in the MLS could play a more important role in the membrane fouling as 
their variations in concentration were consistent with the rates of membrane fouling.  
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Fouling resistance distribution (%)








 Rm (×1011m-1(%)) RPBC (×1011m-1(%)) RC (×1011m-1(%)) SRT 20 MBMBR 1.42 (2.8) 9.10 (18.0) 40.11 (79.3) MBR 1.42 (2.8) 6.57 (12.9) 42.64 (84.3) SRT 10 MBMBR 1.42 (2.8) 5.64 (11.1) 43.58 (86.1) MBR 1.42 (2.8) 5.32 (10.5) 43.90 (86.7) SRT 5 MBMBR 1.42 (2.8) 4.72 (9.3) 44.49 (88.0) MBR 1.42 (2.8) 3.88 (7.6) 45.34 (89.6) Rm: Intrinsic membrane resistance; RPBC: Pore blocking and constriction resistance; RC: Cake layer resistance  Figure 4.5. Membrane fouling resistance distribution.  
4.3.7 Organic fractions in cake layer  
As the membrane fouling rate was closely correlated to the concentration of DOMs, and 
the dominant fouling mechanism was cake layer formation in both the MBR and MBMBR at 
all the examined SRTs, the analysis of the detailed DOMs in the cake layer was carried out 
by filtering the cake layer suspension (Table 4.4). In general, biopolymers which only 
contributed to a small portion of DOC in the MLS (Table 4.3) consisted a majority fraction of 
the DOC in the cake layer (57 to 68%), while the remaining 32 to 43% was LMW 
compounds. The results were consistent with the observation in Phase 1 study (Section 3.3.5). 
Larger proportion of the biopolymers in the cake layer further confirmed that the biopolymers 
could play a more significant role than the LMW compounds in the cake layer formation.  
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The concentrations of DOC in the cake layer were higher in the MBR than the MBMBR 
at all the examined SRTs, which were consistent with the higher cake layer resistance 
encountered. In addition, the higher concentrations of DOC in the cake layer were also found 
at a longer SRT in both the MBR and the MBMBR. The results obtained suggested that the 
membrane fouling propensity was correlated with the concentration of DOMs in the cake 
layer. Therefore, the hypothesis that the reduced concentration of DOMs particularly 
biopolymers in the MLS of the MBMBR contributed to the lower rate of membrane fouling 
was further justified. 
Table 4.4. Specific concentrations of different organic fractions in the cake layer 
 
DOC (mg/m2) 
Biopolymers (MW > 20k) LMW compounds (MW < 1000) 
OC (mg/m2) OC (%) OC (mg/m2) OC (%) SRT 20 MBR 128.9 82.1 63.7 46.8 36.3 MBMBR 105.6 72.5 68.7 33.1 31.3 SRT 10 MBR 144.6 97.1 67.2 47.5 32.8  MBMBR 135.3 89.7 66.3 45.6 33.7 SRT 5 MBR 182.1 104.1 57.2 78.0 42.8 MBMBR 155.2 98.6 63.5 56.6 36.5  
4.3.8 Correlation between the membrane filtration time and dissolved 
organics in the MLS 
The specific correlation between the membrane filtration time and dissolved organics in 
the MLS was further analyzed (Figure 4.6). Both the SMPP (r = –0. 975, P = 0.001) and 
SMPC (r = –0.860, P = 0.028) showed strong correlations with the membrane filtration time 
(Figure 4.6a). The increased concentrations of SMPP and SMPC could reduce membrane 
filtration time, suggesting that proteins and carbohydrates in the SMP were significant factors 
affecting membrane fouling rate in this study. In addition, the slope of SMPP was steeper than 
that of SMPC. It could be speculated that the membrane filtration time was probably more 
 88 | P a g e   
varied to the concentration of carbohydrates rather than the concentration of proteins. 
Furthermore, the biopolymers (r = –0.974, P = 0.001), which are mainly composed by 
polysaccharides and proteins, and the TOC of the MLS (r = –0.968, P = 0.002) also 
demonstrated the negative correlations with membrane filtration time (Figure 4.6b). 
Therefore, the results further confirmed that the membrane fouling rate could be largely 
affected by the DOMs in the MLS in this study. 
In addition to DOMs in the MLS, specific EPSP (r = –0.919, P = 0.010) and specific 
EPSC (r = –0.879, P = 0.021), which correlated to biomass growth rate, also showed strong 
correlations with membrane filtration time (Figure 4.7d). However, no significant correlation 
could be found between the membrane filtration time with EPSp (r = –0.352, P = 0.494) or 
EPSC (r = 0.472, P = 0.345) (Figure 4.7c). Thus it could be speculated that the concentration 
of EPS might control the membrane fouling propensity indirectly in this study.   
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 Figure 4.6. Correlation between the membrane filtration time with (a) SMPp (mg BSA/L) and SMPc (mg glucose/L) (b) Biopolymers (mg/L) and TOC of the MLS (mg/L) (c) EPSP (mg BSA/L) and EPSC (mg glucose/L) (d) Specific EPSp (mg BSA/g MLVSS) and Specific EPSc (mg glucose/g MLVSS) (number 1 to 6 in the figure represents the results obtained from the MBR SRT 5 d, MBMBR SRT 5 d, MBR SRT 10 d, MBMBR SRT 10 d, MBR SRT 20 d and MBMBR SRT 20 d, respectively). 
 
4.3.9 Effects of SRT on bacterial population dynamics between the MBR 
and MBMBR 
In order to further understand the mechanisms involved in the mixed liquor 
characteristics varied by different SRTs between the MBR and MBMBR, the bacterial 
community structure and population dynamics in both the suspended biomass in mixed liquor 
suspension and attached biofilms on the bio-carriers were analyzed. The distribution of 
bacterial populations at phylum-level is shown in Figure 4.7. Proteobacteria (49.6-63.1%) 
and Bacteroidetes (17.0-34.9%) were the dominant phyla in all the samples, followed by 
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Nitrospirae (2.0-8.8%), Gemmatimonadetes (0.7-7.6%) and Actinobacteria (0.7-7.0%). No 
significant differences between the suspended biomass and attached biofilm at phylum level, 
which was in agreement with the study that investigated the bacterial population in a 
MBMBR with different operational parameters (Reboleiro-Rivas et al., 2015).  
The abundances of Nitrospirae were 8.4% and 8.8% in the suspended biomass in the 
MBR and MBMBR under the SRT of 20 d, respectively. However, the abundances were 
largely decreased to 2.3% and 2.6% in the MBR, and 2.4% and 2.0% in the MBMBR when 
the SRT was reduced to 10 d and 5 d, respectively. On the other hand, Nitrospirae 
represented 6.5%, 3.5% and 3.5% of the total bacterial sequences in the attached biofilm on 
the bio-carriers under the SRT of 20 d, 10 d and 5 d, respectively. Genus Nitrospira, as one of 
the three main genera of NOB, was the only detected taxon within the phylum of Nitrospirae 
in this study. Genus Nitrosomonas with abundance of 0.3-1.5% was the only detected AOB 
in all the samples. Since Nitrospira spp. display low growth rate and high sensitivity to 
environmental disturbances and inhibitors (Harms et al., 2003), a certain SRT was required in 
order to provide an opportunity for Nitrospira spp. to increase in size. In addition, the 
abundance of the nitrifying bacteria is normally less than 10% even with a relatively high 
SRT (Gerardi, 2003). Therefore, the observations in this study suggested that at the 
temperature of 25-29 °C: (1) SRT of 20 d was sufficient to maintain a relatively high 
abundance of Nitrospira spp.; (2) the abundance of Nitrospira spp. could be largely affected 
by SRT when the SRT was between 10 to 20 d; (3) Nitrospira spp. could still be retained in 
the bioreactor even under a short SRT of 5 d, and excellent nitrification could be achieved 
even with a relatively low Nitrospira spp. abundance of 2.0%; and (4) more Nitrospira spp. 
could develop in the attached biofilm than in suspended biomass when the SRT was below 10 
d.  
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 Figure 4.7. Bacterial community compositions in suspended biomass and attached biofilm at phylum-level (phyla with abundance lower than 2% were assigned to “other”). 
 
The distribution of bacterial populations at class-level is shown in Figure 4.8. Within the 
phylum Proteobacteria, β-Proteobacteria was the dominant class (16.1-31.8%), followed by 
α-Proteobacteria (11.3-17.2%), δ-Proteobacteria (6.2-22.1%) and γ-Proteobacteria (6.0-
13.9%) in all the samples. β-Proteobacteria was commonly identified as the predominant 
class of Proteobacteria in wastewater treatment bioreactors (Snaidr et al., 1997, Wagner and 
Loy, 2002, Yang et al., 2011). In addition, the relative abundance of δ-Proteobacteria in the 
suspended biomass of the MBR and MBMBR, as well as in the attached biofilm of the 
MBMBR increased with the decrease in SRT from 20 to 5 d. The dominant family within the 
class of δ-Proteobacteria was Nannocystaceae in this study. The relative abundance of 
family Nannocystaceae demonstrated the similar trend as the class δ-Proteobacteria, which 
increased with the decrease in SRT. The relative abundances of family Nannocystaceae in the 
suspended biomass were 0.8, 1.3 and 10.2% in the MBR, and 0.7, 3.6 and 5.9% in the 
MBMBR at the SRT of 20, 10 and 5 d, respectively. They were 0.1, 3.3 and 5.8% in the 
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attached biofilm at the SRT of 20, 10 and 5 d, respectively. As most members in this family 
were capable of degrading lysing microorganisms (Garcia and Müller, 2014), the operation at 
the shorter SRT with higher decay rate of biomass could favor the growing of 
Nannocystaceae. On the contrary, Ahmed et al. (2007) reported an increase of δ-
Proteobacteria with an increase in SRT from 20 to 100 d, but detailed composition of 
microbial populations at family-level was not shown in their study. The contradictory 
findings might be due to the different microbial populations involved and different SRTs 
applied.  
Within the phylum Bacterioidetes, Sphingobacteria (14.5-30.2%) and Flavobacteria 
(1.8-7.5%) were the two major classes within the phylum Bacterioidetes. Many studies have 
also reported that Sphingobacteria was the dominant Bacterioidetes in wastewater treatment 
bioreactors (Hu et al., 2012b, Reboleiro-Rivas et al., 2015, Zhang et al., 2012). Higher 
relative abundance of Sphingobacteria was found in both the suspended biomass and attached 
biofilm of the MBMBR than that in the suspended biomass of the MBR. In addition, higher 
relative abundance of Sphingobacteria was also found at the shorter SRTs. Order 
Sphingobacteriales was the only detected taxon within the class of Sphingobacteria in this 
study. Members of this order have been reported capable of degrading macromolecules such 
as polysaccharides and proteins (Kirchman, 2002, Weissbrodt et al., 2014). Therefore, higher 
abundance of Sphingobacteriales observed in the MBMBR could contribute to the lower 
concentrations of carbohydrates and proteins in the SMPs at all the examined SRTs.  
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 Figure 4.8. Bacterial community compositions in suspended biomass and attached biofilm at class-level (classes with abundance lower than 2% were assigned to “other”). 
 
In order to further understand the microbial populations involved in degrading 
carbohydrates and proteins in the SMPs, the distribution of bacterial populations at family-
level within class of Sphingobacteria was analyzed (Figure 4.9a). It can be found that only 
the family of Saprospiraceae displayed the similar trend as found for class of 
Sphingobacteria in the MBR and MBMBR under all the examined SRTs. The observations 
suggested that not all families within class of Sphingobacteria were associated with 
degrading carbohydrates and proteins, and family Saprospiraceae probably played a more 
significant role. However, little is known about the detailed ecophysiology of Saprospiraceae 
except for Haliscomenobacter hydrossis, which was reported involving in the hydrolysis of 
polysaccharides (Van Veen et al., 1973, Xia et al., 2008).  
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The distribution of bacterial populations at genus-level within family of Saprospiraceae 
is shown in Figure 4.9b. Genus uncultured (0.1.6.5.1.16.6) was the dominant genus within the 
family of Saprospiraceae in this study. Furthermore, within the genus, two detected OTUs 
(OTU0306 and OTU0693) were found. As the genus was still unclassified, the detected 
sequences of OTU0306 and OTU0693 were compared to the 16S rRNA gene databases using 
the BLASTN tool on the National Centre for Biotechnology website 
(http://www.ncbi.nlm.nih.gov/) to identify the closest affiliated sequences. Phylogenetic 
analysis (Figure 4.10) showed that neither of the two detected sequences was closely related 
to any known genera in the family of Saprospiraceae, as their similarity was less than 87%. 
On the contrary, two detected sequences showed high similarity with the previously 
deposited sequences (JQ791655, JQ791707, JQ791882, JQ791928 and JQ791958) by Sack et 
al. (2014). OTU0306 showed 98% similarity with JQ791882, JQ791707 and JQ791928, and 
97% similarity with JQ791655. OTU0693 showed 97% similarity with JQ791958. The 
results suggested that they were probably from the same genus having the similar functions. 
Sack et al. (2014) found that these bacteria within the family of Saprospiraceae were 
involved in utilizing carbohydrates and proteins. Therefore, it could be speculated that the 
lower concentrations of carbohydrates and proteins achieved in the SMPs of the MBMBR at 
all the examined SRTs were probably attributed to the higher abundance of Genus uncultured 
(0.1.6.5.1.16.6) within the family of Saprospiraceae.   
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 Figure 4.9. Bacterial community compositions in suspended biomass and attached biofilm (a) at family-level within class of Sphingobacteria (b) at genus-level within family of Saprospiraceae (families or genera with abundance lower than 2% were assigned to “other”). 
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4.4 Summary 
The study of this phase compared the treatment performances and membrane fouling 
behaviors of an MBR and an MBMBR treating real domestic wastewater at the SRTs of 20, 
10 and 5 d. The effects of SRT on the membrane fouling propensity, characteristics of mixed 
liquor suspension and bacteria populations were investigated. The results could provide 
direction for optimization and development of MBMBR. The specific conclusions were 
drawn as follows: 
(1) Both the MBR and MBMBR were able to achieve good organic removal efficiencies 
of over 90% COD removal rates and excellent nitrification of over 99% NH4+-N removal 
rates at the studied SRTs. The abundance of Nitrospira spp. could be largely affected by SRT 
when it was between 10 to 20 d. The excellent nitrification could be achieved even with a 
relatively low Nitrospira spp. abundance of 2.0% at the SRT of 5 d. In addition, more 
Nitrospira spp. could develop in the attached biofilm than in the suspended biomass when the 
SRT was below 10 d. 
(2) The MBMBR could enhance membrane filtration performance than the MBR at the 
all studied SRTs, and the mitigation of membrane fouling by the MBMBR was more 
pronounced at a shorter SRT. 
(3) The better membrane filtration performance achieved by the MBMBR was attributed 
to the lower concentration of biopolymers (including the lower concentrations of SMPP and 
SMPC) and the lower concentration of LWM compounds. The lower concentrations of 
carbohydrates and proteins achieved in the SMPs of the MBMBR at all the examined SRTs 
were probably attributed to higher abundance of Genus uncultured (0.1.6.5.1.16.6) within the 
family of Saprospiraceae. However, the membrane fouling propensity was found 
independent to the concentration of MLSS. 
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(4) Cake layer formation was found to be the dominant fouling mechanism in both the 
MBR and MBMBR.  
(5) Both the SMPP and SMPC showed strong correlation with membrane filtration time. 
The concentrations of biopolymers and TOC in the MLS could be the good indicators for 
membrane fouling rate prediction, while the concentration of EPS might play an indirect role 
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CHAPTER 5 EFFECTS OF BIO-CARRIERS FILLING 
RATIO IN MOVING BED MEMBRANE BIOREACTOR 
 
5.1 Introduction 
As the key element of the MBMBR, bio-carriers normally have a high specific area, 
surface roughness, mechanical strength, porosity and durability, allowing the accumulation of 
microorganisms to form biofilms (Leenen et al., 1996). Various types of materials including 
granular activated carbon, sand, diatomaceous earth, polyethylene, polyurethane foam, 
polyvinyl chloride and sponge as bio-carriers have been investigated (Khan et al., 2011, Moe 
and Irvine, 2000, Ødegaard et al., 2000, Wang et al., 2005).  
Bio-carriers filling ratio, as one of most important operational parameters in biofilm 
reactors, has been optimized in many MBBR studies (Calderón et al., 2012, Feng et al., 2012, 
Guo et al., 2010, Wang et al., 2005). However, varied optimum filling ratios were reported in 
these studies possibly due to the different types of bio-carriers used and the different 
operating conditions. On the other hand, only a few studies have investigated the effects of 
bio-carriers filling ratio in MBMBR studies. Hu et al. (2012a) reported an optimum bio-
carriers filling ratio of 30%, but the mechanical and physio-chemical effects of bio-carriers 
were not decoupled in their studies. Therefore, a more comprehensive investigation on the 
effects of bio-carriers filling ratio in the MBMBR is needed.  
In addition, coarse bubble aeration, instead of fine bubble aeration applied in the 
previous studies of Phase 1 and 2, will be used in this phase. As a higher shear force but a 
lower oxygen transfer efficiency was provided by the coarse bubble aeration compared with 
fine bubble aeration at the same aeration rate (Ndinisa et al., 2006), the higher bio-carriers 
filling ratio with lower DO concentration could be achieved. As a result, the development of 
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anoxic condition inside the biofilm on the bio-carriers could be enhanced, since the depth of 
the anoxic zone could be affected by the oxygen supply rate (Yang et al., 2009c). The higher 
TN removal by denitrification might be achieved. However, the relationship between the TN 
removal efficiency and DO concentration in the MBMBR has not been fully understood, and 
varied TN removal rates were reported in the MBMBR studies under different DO 
concentrations (Table 5.1). In some studies, higher TN removal rate was achieved under the 
lower DO concentration. However, different results were also reported in other studies. 
Therefore, an investigation on the effects of DO concentration was still needed in this study.  
The objective of this phase is to investigate the effects of bio-carriers filling ratio in the 
MBMBR process. Furthermore, both the treatment performance and membrane fouling 
behavior under coarse bubble aeration will be evaluated by comparing with the results 
obtained under fine bubble aeration in the study of Phase 2.  
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Table 5.1. The operating conditions and TN removal efficiencies in the MBMBR studies treating domestic wastewater 
Application Bio-carries material (surface area m2/m3) Filling ratio (%) TN removal rate (%) DO (mg/L) Other operating conditions Reference Pilot-scale PE (800) 35 63-67 0.9/5.3 Anoxic/aerobic configuration HRT: 26 h Leyva-Díaz et al. (2013a) Pilot-scale PE (500) 50 51 1.3 HRT: 10 h; SRT: 10 d Liu et al. (2010) Pilot-scale PE (600) 50 31.2/24.4/33.0 2.6/2.8/4.3 HRT: 5-6 h; SRT: 26.7/10/2.7 d Ying et al. (2009) Pilot-scale N/A 70 14.4 6.4 N/A Yang et al. (2014) Pilot-scale PE (600) 50 20-32 0.5-6 HRT: 8h; SRT: 30 d Yang et al. (2012) Lab-scale Sponge (N/A) 15 89 3-5 TN removal in parallel MBR: 74% HRT: 8 h; SRT: 30 d Khan et al. (2011) Lab-scale Nonwovens (900) 30 71-89 N/A TN removal in parallel MBR: 42-68% HRT: 12 h; SRT: 60 d Yang et al. (2009c) Lab-scale Plastic (600) 50 41 N/A HRT: 24 h; SRT: 20 d Liang et al. (2010) Lab-scale Sponge (N/A) 10 53.3 N/A N/A Deng et al. (2014) Lab-scale Sponge (N/A) 10 10-20 7 HRT: 2.74/4.1 h Guo et al. (2010)  
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5.2 Experimental set-up and operating conditions  
Figure 5.1 shows the schematic diagram of the three lab-scale MBRs – an MBR, an 
MBMBR20 (bio-carriers filling ratio of 20%) and an MBMBR40 (bio-carriers filling ratio of 
40%). Each of the reactors had a total effective volume of 6.4 L, and was consisted of two 
compartments - the MBBR compartment and the membrane compartment, with effective 
volumes of 3.73 and 2.67 L, respectively. Course bubble aeration was supplied in each 
compartment and aeration rate was maintained at 2 L/min. A flat-sheet ceramic ultrafiltration 
(UF) membrane module (ItN, German) with a nominal pore size of 0.1 µm and a total surface 
area of 0.08 m2 was immersed into the membrane compartment. For the MBMBR20, 1,600 
pieces of bio-carriers were dosed into the MBBR compartment; while for the MBMBR40, 
3,200 pieces of bio-carriers were dosed into the MBBR compartment. As a result, the filling 
ratios were 20% for the MBMBR20 and 40% for the MBMBR40. The bio-carriers used in this 
study were made of polypropylene with a density of 573.3 kg/m3. The dimension of a bio-
carrier is 12×10×7 (mm, L×W×H). Its surface area was 500 m2/m3. Suction was performed 
with a cycle of 4.5-min on and 0.5-min off. The TMP of each membrane module was 
measured by a digital pressure gauge (SMC, ZSE50F) connected between the membrane 
module and the permeate pump, and was recorded by an analog data logger. The pH in each 
bioreactor was monitored by a pH controller (Etatron, HD-PH/P) and the pH was maintained 
at 7.0±0.3 by addition of 0.2M NaHCO3 as a buffer solution. 
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 Figure 5.1. Schematic diagram of the three bioreactors used in the study: (a) the MBR, (b) the MBMBR20, and (c) the MBMBR40. 
 
The three MBRs were operated in parallel with a HRT of 4 h and a SRT of 20 d under 
ambient temperature of 25 to 29 ˚C, and were fed continuously with real domestic wastewater 
collected from a local water reclamation plant (WRP) located in Singapore. The collected 
wastewater was sieved with a 1-mm opening mesh prior to being introduced into a feed tank. 
The feed influent tank was equipped with a mechanical stirrer to keep the wastewater 
homogenous. The influent wastewater was analyzed according to the Standard Methods 
(APHA et al., 2005) as discussed in Section 2.3, and the results are presented in Table 5.2. 
The only difference in this phase was the course bubble aeration used instead of fine bubble 
aeration used in Phase 2. The three MBRs were operated for 30 d before data collection. 
During the operating period, the dissolved oxygen (DO) concentrations were 1.26±0.42, 
1.42±0.31 and 1.28±0.37 mg/L in the MBR, MBMBR20 and MBMBR40, respectively. 
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Table 5.2. Characteristics of the feedwater 
Parameter Concentration (mg/L) tCOD 440.4±46.1 sCOD 82.3±36.5  TOC 145.2±32.1 TN 76.5±6.2 NH4+-N 37.3±3.4 NO3--N 1.3±0.5 NO2--N n.d. Total suspended solids  273.5 (±86.9)  Volatile suspended solids  231.2 (±67.2) Note: Number of sampling points: 27; tCOD: chemical oxygen demand in influent; sCOD: chemical oxygen demand in influent supernatant; sTOC: total organic carbon in influent supernatant; TN: total nitrogen; n.d.: not detectable  
The sampling and analytical methods were the same as Section 3.2.2 and Section 3.2.3. 
TN concentration of the MLSS was measured using a colorimetric method with reagent kits 
(HACH, USA). The bio-floc size distribution was measured by the LS-13-320 Laser 
diffraction particle size analyzer (Beckman Coulter). The nitrogen content in the MLSS was 
found to fluctuate between 6.51 and 7.64% with an average of 7.04% by weight of the MLSS 
concentration. Therefore, the nitrogen removal by cell assimilation and denitrification can be 
estimated using the following equations: 
Nitrogen removal by assimilation = QW × MLSS × 0.0704                                                 (5.1) 
Nitrogen removal by denitrification = TN removal – Nitrogen removal by assimilation    (5.2) 
where QW is the sludge wasting rate. 
 
5.3 Results and Discussion 
5.3.1 Treatment performance  
The three MBRs were able to achieve excellent organic removal efficiencies throughout 
the operating period. The overall COD removal efficiencies were 92.8±0.9, 93.3±1.0 and 
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93.5±0.8%, while the TOC removal efficiencies were 94.4±1.4, 94.5±1.1 and 94.9±1.3% for 
the MBR, MBMBR20 and MBMBR40, respectively. 
 Figure 5.2 shows the variation of nitrogen concentration in the three MBRs during the 
operating period. Excellent nitrification was achieved in each of the three MBRs with the 
NH4+-N removal efficiencies of 99.6±0.5, 99.2±0.6 and 98.8±0.8% for the MBR, MBMBR20 
and MBMBR40, respectively (Figure 5.2a). In addition, the concentrations of NO2--N and 
NO3--N in the effluents of the three MBRs were shown in Figure 5.2b. It can be found that 
nitrogen in the effluent was primarily in the form of NO3--N, while the detected 
concentrations of NH4+-N and NO2--N were below 1 mg/L. In general, TN removal could be 
achieved in two ways, namely by cell assimilation and denitrification. The contributions of 
nitrogen removal by cell assimilation and denitrification, as well as the TN removal rates of 
the three MBRs were summarized in Table 5.3. The two MBMBRs showed better 
performance than the MBR regarding TN removal, and the MBMBR40 had the highest TN 
removal efficiency of 55.9±3.2%. Among the three MBRs, the differences in TN removal via 
cell assimilation were insignificant and the dominant mechanism for TN removal was 
denitrification. The results suggested that the MBMBR process with the growth of biofilm on 
the bio-carriers could enhance the TN removal via denitrification, since denitrification could 
occur in the deeper layer of the biofilm, where anoxic conditions were present (Leyva-Díaz et 
al., 2014). In addition, higher TN removal efficiency could be achieved with a higher bio-
carriers filling ratio in the MBMBR40.  
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 Figure 5.2. Variation of nitrogen concentration in the three MBRs: (a) NH4+-N concentrations in the influent and effluent, (b) concentrations of NO2--N and NO3--N in the effluent. 
 
Table 5.3. TN removal by cell assimilation and denitrification in all MBRs (Contribution in percentage) 
Bioreactors TN removal rate (%) 
TN removal (mg N/d) 
Nitrogen removal by assimilation (mg N/d) 
Nitrogen removal by denitrification (mg N/d) MBR 33.8±2.3 992.9 (100%) 307.1 (30.9%) 685.8 (69.1%) MBMBR20 45.4±3.5 1333.7 (100%) 300.6 (22.5%) 1033.1 (77.5%) MBMBR40 55.9±3.2 1642.1 (100%) 306.0 (18.6%) 1336.1 (81.4%)  
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5.3.2. Membrane filtration behavior 
TMP, as an important indicator of membrane fouling propensity, was monitored during 
the operating period. Figure 5.3 illustrates the development of TMP with operating time in 
the three MBRs. The MBR took only about 16 d to reach a TMP of 30 kPa, while the 
MBMBR20 and MBMBR40 did so on day 22 and 29, respectively. The observation was 
consistent with Liu et al. (2012), who reported that the MBMBR process, with attached 
growth of biomass on bio-carriers, could reduce membrane fouling by lowering the 
concentrations of loosely bound EPS. In addition, higher bio-carriers filling ratio resulted in 
the slower TMP rise and hence less membrane fouling in the MBMBR40. Many factors, 
including the concentration and composition of EPS and SMP, dissolved organic matters 
(DOMs) and biological floc size, have been reported to affect membrane fouling in MBR 
applications in the last decade (Bae and Tak, 2005, Hong et al., 2007, Ng et al., 2006, 
Rosenberger et al., 2006). Therefore, characteristics of the mixed liquor suspensions were 
analyzed and discussed in the subsequent sections. 
 Figure 5.3. TMP profiles of the MBR, MBMBR20 and MBMBR40. Time (d)
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5.3.3 Characteristics of the MLS 
5.3.3.1 MLSS concentration 
Stable MLVSS/MLSS ratios of 0.79-0.80 were observed in the three MBRs. Figure 5.4 
shows the variation of MLSS concentration in the three MBRs during the operating period. 
The MLSS concentrations were 13,633±651, 11,860±532 and 10,603±553 mg/L in the MBR, 
MBMBR20 and MBMBR40, respectively. Both the MBMBRs had lower MLSS 
concentrations compared to the MBR. Similar result of lower MLSS concentration in the 
MBMBR were also observed by Leiknes and Ødegaard (2007) and Yang et al. (2014). In 
addition, the MBMBR40 with more bio-carriers addition had even lower MLSS concentration 
than the MBMBR20. The results indicated that MLSS concentration could be further reduced 
when more surface area was available for the attached-growth biomass. Although MLSS was 
found to contribute to cake layer formation on the membrane surface in most of MBR 
applications, the role of MLSS concentration in membrane fouling is still controversial in the 
literatures (Brookes et al., 2006, Chang and Kim, 2005, Rosenberger et al., 2005). In addition, 
Leiknes and Ødegaard (2007) reported that lower MLSS concentration in the MBMBR 
contributed to lower membrane fouling propensity. However, the conclusion should be drawn 
with more comprehensive analysis of membrane foulants and other key factors affecting 
fouling.  
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 Figure 5.4. Variations of the MLSS concentrations in the three MBRs. 
 
5.3.3.2 EPS and SMP components 
The average concentrations of proteins and carbohydrates in the EPS and SMP in the 
three MBRs are shown in Figure 5.5. It was noted that the two MBMBRs had lower 
concentrations of SMPP and SMPC than the MBR. Again, the results showed that the 
MBMBR, by having attached-growth biomass on the bio-carriers, could achieve lower 
concentrations of SMPP and SMPC than the MBR. In addition, the MBMBR40 with the 
highest bio-carriers filling ratio had the lowest concentrations of SMPP and SMPC. The 
observation could be caused by: 1) the richer microbial populations and different microbial 
communities in the MBMBR process that contributed to higher organic removal rate (Liu et 
al., 2012); and 2) the reduced cell decay rates of slow-growing microorganisms whose 
growth was enhanced by the bio-carriers (Masse et al., 2006). Since SMP was considered as 
the most important factors which induce membrane fouling in most of the MBR applications 
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(Ng et al., 2006, Rosenberger et al., 2006, Yigit et al., 2008), lower membrane fouling rates 
achieved in the two MBMBR could be the results of less SMPP and SMPC. 
The direct impact of EPS on membrane fouling was found insignificant in many MBR 
studies (Rojas et al., 2005, Rosenberger and Kraume, 2003, Yamato et al., 2006), as well as 
in the Phase 2 study. However, EPS could still have some indirect impacts on membrane 
fouling by interacting with SMP. Laspidou and Rittmann (2002) proposed a unified theory 
for the interrelations between EPS and SMP. SMP could be divided into two groups: 
substrate-utilization-associated products (UAP) and biomass-associated products (BAP). 
Active biomass could produce EPS and UAP, while part of EPS could be hydrolyzed to BAP. 
At the same time, some SMP could be adsorbed by the biomass flocs and transferred to EPS. 
As a result, EPS was strongly correlated with the formation of SMP. Therefore, higher 
concentrations of EPSP and EPSC in the MBR could result in the faster membrane fouling 
indirectly. 
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 MBR MBMBR20 MBMBR40 Specific EPSP (mg BSA/g MLVSS) 16.23±1.40 14.34±1.09 13.96±1.69 Specific EPSC (mg glucose/g MLVSS) 10.72±1.02 8.88±0.91 8.03±0.96 SMPP (mg BSA/L) 15.92±1.80 11.20±2.20 9.87±1.92 SMPC (mg glucose/L) 11.24±2.11 9.20±1.77 8.14±1.19   Figure 5.5. Concentrations of proteins and carbohydrates in the MLS and permeate (mg/L). 
 
5.3.3.3 Organic fractions of MLS and permeate 
The detailed organic fractions in the MLS and permeate were analyzed by a LC-OCD 
instrument based on size-exclusion chromatography coupled with OC and UV detectors. The 
OC chromatographs for MLS and permeate in the three MBRs are shown in Figure 5.6. The 
OC value for each fraction together with its percentage with respect to the total DOC is 
presented in Table 5.4. 
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 Figure 5.6. Chromatographs of OC and UV for MLS in the three bioreactors. 
 
Biopolymers were the fraction that demonstrated the highest rejection rates across the 
membranes in spite of their low concentrations. The MBR, MBMBR20 and MBMBR40 
rejected 92.0, 90.8 and 91.5% of biopolymers, respectively. In addition, about 80% of the 
total DOC were associated with the LMW compounds in the MLS of the three MBRs. 
Similar as the previous studies, the membrane still achieved about 20% rejection rate of 
LMW compounds although their sizes were much smaller than the membrane pore size. 
Based on the high rejection rates, biopolymers could be the major foulants. This was in 
agreement with Rosenberger et al. (2006) who reported that biopolymers were considered as 
the main foulants due to its high rejection rates across the membranes in the MBR. In 
addition, the accumulation of biopolymers on the membrane surface could result in a 
progressive growth of the fouling cake layer and accelerated membrane fouling (Chu and Li, 
2005). Comparing with the MBR, the two MBMBRs had lower concentrations of 
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biopolymers and LMW compounds in the MLS. It suggested that the MBMBR process could 
reduce the concentration of DOMs. In addition, the lowest concentration of DOMs was 
observed in the MBMBR40 where the highest bio-carriers filling ratio was applied. Therefore, 
this could be one of the contributing factors to the longest membrane filtration duration 
achieved in the MBMBR40. 
Table 5.4. Concentrations of different organic fractions of MLS and permeate in the three bioreactors 
Category Reactor Total DOC (mg/L) 
Biopolymer (MW > 20k) LMW compounds (MW < 1000) OC (mg/L) OC (%) OC (mg/L) OC (%) 
MLS MBR 12.33 2.75 22.3 9.58 77.7 MBMBR20 9.98 1.74 17.4 8.24 82.6 MBMBR40 7.46 0.94 12.6 6.52 87.4 
Permeate MBR 7.54 0.22 2.9 7.32 97.1 MBMBR20 6.56 0.16 2.4 6.40 97.6 MBMBR40 5.40 0.08 1.5 5.32 98.5  
5.3.4 Fouling resistance distribution 
The distributions of RC, RPBC and Rm with respect to RT are shown in Table 5.5. The 
dominant fouling mechanism was cake layer formation among the three MBRs as RC 
accounted for 78.6, 72.5 and 70.1% of the RT in the MBR, MBMBR20 and MBMBR40, 
respectively.  The highest RC was encountered in the MBR, which could be speculated that a 
faster formation of cake layer might contribute to the more severe membrane fouling. In 
contrast, the lowest RC achieved in the MBMBR40 could benefit the longer membrane 
filtration duration.    
Table 5.5. Fouling resistance distribution (×1011 m-1 (%)) 
 MBR MBMBR20 MBMBR40 RC 39.75 (78.6) 36.66 (72.5) 35.45 (70.1) RPBC 9.40 (18.6) 12.49 (24.7) 13.70 (27.1) Rm 1.42 (2.8) 1.42 (2.8) 1.42 (2.8) RT 50.57 (100.0) 50.57 (100.0) 50.57 (100.0)  
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5.3.5 Characteristics of DOMs in cake layer 
The specific concentrations of different organic fractions in the fouling cake layer are 
summarized in Table 5.6. The MBR had the highest value of DOC, while the MBMBR40 had 
the lowest value, which is consistent with the values of RC obtained. The biopolymers were 
found as the main components of the DOC in the cake layer, which suggested that 
biopolymers could play an important role in the cake layer formation. A positive correlation 
was found between the concentrations of biopolymers in the cake layers and the membrane 
fouling rates. The findings were in agreement with other studies (Nagaoka et al., 2000, Yun 
et al., 2006), as well as with our earlier results in Section 3.3.5 and Section 4.3.7.   
Table 5.6. Specific concentrations of different organic fractions in the cake layer and PBC foulants of the three MBRs. 
Category Reactor 
Total DOC (mg/m2) 
Biopolymer (MW > 20k) LMW compounds (MW < 1000) OC (mg/m2) OC (%) OC (mg/m2) OC (%) 
Cake layer MBR 106.1 61.0 57.5 45.1 42.5 MBMBR20 84.1 43.6 51.8 40.5 48.2 MBMBR40 75.2 38.3 50.9 36.9 49.1  
5.4 Fine bubble aeration versus coarse bubble aeration  
The treatment performances and membrane filtration behaviors of the MBR and 
MBMBR20 were compared with those of the MBR and MBMBR under a SRT of 20 d in 
Chapter 4 to explore the differences between the fine and coarse bubble aeration. The MBR 
and MBMBR were designated as the MBRF and MBMBRF for fine bubble aeration, while 
they were designated as the MBRC and MBMBRC for coarse bubble aeration, respectively. 
All the four MBRs were operated under a SRT of 20 d and a HRT of 4 h. The bio-carriers’ 
filling ratio in the two MBMBRs was 20%. DO concentrations were 4.54±0.68 and 4.28±0.43 
 115 | P a g e   
mg/L in the MBRF and MBMBRF, respectively, while they were 1.26±0.42 and 1.42±0.31 
mg/L in the MBRC and MBMBRC, respectively. 
 
5.4.1 Treatment performance 
The treatment performances of the four MBRs are summarized in Table 5.7. The four 
MBRs worked well during the operating period regarding the removal of COD and NH4+-N. 
Comparing with the MBRC and MBMBRC, the MBRF and MBMBRF with higher DO 
concentrations showed slightly higher COD removal rates.  
Table 5.7. Treatment performances between the fine and coarse bubble aeration in the MBR and MBMBR 
 MBRF MBMBRF MBRC MBMBRC Influent COD (mg/L) 389.5±60.0 440.4±46.1 Effluent COD (mg/L) 26.5±6.3 18.9±6.7 31.5±3.5 29.5±4.3 COD removal rate (%) 93.0±2.0 94.8±2.6 92.8±0.9 93.3±0.9 Influent NH4+-N (mg/L) 37.7±3.9 37.3±3.4 Effluent NH4+-N (mg/L) 0.2±0.1 0.1±0.1 0.2±0.1 0.3±0.2 NH4+-N removal rate (%) 99.5±0.3 99.7±0.3 99.6±0.5 99.2±0.6  
The detailed nitrogen removal in the four MBRs is summarized in Table 5.8.  Both the 
MBRC and MBMBRC, with lower DO concentration, achieved higher TN removal rates. In 
addition, a significant improvement of TN removal by denitrification was obtained in the 
MBMBRC after the DO concentration was reduced. The DO gradient was found to present in 
the attached biofilm on the bio-carriers (Khan et al., 2011) where DO concentration tends to 
decrease from periphery to the inside of the biofilm. Since the oxygen diffusion was limited 
in the biofilm (Puznava et al., 2000), denitrification could occur in the deeper layer of the 
biofilm under anoxic conditions. Furthermore, the depth of the anoxic zone could be affected 
by the oxygen supply rate (Yang et al., 2009c). Therefore, the lower DO concentration in the 
bulk mixed liquor of the MBMBRC could enhance the development of anoxic conditions 
inside the biofilm. As a result, the higher TN removal by denitrification was achieved in the 
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MBMBRC. In addition, higher TN removal rates achieved in the MBRC and MBMBRC could 
also be attributed to the enhanced development of anoxic conditions inside the bio-flocs.  
Table 5.8. TN removal by cell assimilation and denitrification between the fine and coarse bubble aeration in the MBR and MBMBR (Contribution in percentage) 
Bioreactors TN removal rate (%) 
TN removal (mg N/d) 
Nitrogen removal by assimilation (mg N/d) 
Nitrogen removal by denitrification (mg N/d) MBRF 30.5±8.6 685.8 (100%) 262.2 (38.2%) 423.6 (61.8%) MBMBRF 34.7±8.5 776.1 (100%) 256.7 (33.1%) 519.3 (66.9%) MBRC 33.8±2.3 992.9 (100%) 307.1 (30.9%) 685.8 (69.1%) MBMBRC 45.4±3.5 1333.7 (100%) 300.6 (22.5%) 1033.1 (77.5%)  
5.4.2 Membrane fouling behavior 
The TMP development of one representative filtration cycle in each MBR is plotted in 
Figure 5.7. For both the configurations of the MBR and MBMBR, better membrane filtration 
performances were achieved under the coarse bubble aeration. Similar findings were also 
reported by Ndinisa et al. (2006) when they investigated the effects of bubble size on the 
fouling behavior of submerged flat-sheet membranes. In their study, the effect of bubble size 
on membrane fouling control was found to increase with nozzle size at the constant airflow. 
The turbulence in the bubble wake was normally considered to play a dominant role in the 
enhancement of mass transfer in gas-liquid two-phase flow systems (Arters et al., 1989, 
Kumar et al., 1992, Li et al., 1997). The secondary flow around bubbles could increase the 
mass transfer rate of membrane foulants from membrane surface back to the bulk solution 
(Cui and Wright, 1994). Since the size of the bubble wake and the strength of the secondary 
flow were proportional to the bubble size (KOJIMA et al., 1975, Li et al., 1997), the shear 
force at the membrane surface could be increased, and the membrane filtration performance 
could be improved with coarse bubble aeration. 
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 Figure 5.7. Comparison of membrane fouling behaviors between the fine and coarse bubble aeration in the MBR (MBRF and MBRC) and the MBMBR (MBMBRF and MBMBRC).  
The increased shear force provided by coarse bubble aeration could affect the size of 
bio-flocs in the mixed liquor suspension (Han et al., 2005, Sun et al., 2006). Therefore, the 
bio-floc size distributions in the four MBRs were analyzed (Figure 5.8). It could be found 
that the MBRC and MBMBRC had smaller bio-floc sizes, which was probably due to the 
higher shear force encountered in the bioreactors. Sun et al. (2006) also reported that smaller 
bio-floc sizes were found with higher aeration rate in the MBR. In addition, smaller bio-floc 
sizes were found in the MBMBRF and MBMBRC compared with those in the MBRF and 
MBRC, respectively. The observations were in agreement with the reports by Huang et al. 
(2008b), who also found smaller bio-floc sizes with the addition of bio-carriers.   
Although the smaller bio-floc sizes were found in the two MBMBRs in this study, better 
membrane filtration performances were still achieved. Yang et al. (2009b) and Hu et al. 
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(2012a) also reported no correlation between the bio-floc size and the membrane fouling 
behavior. In contrast, Bai and Leow (2002) found that the membrane fouling rate was 
increased significantly when the bio-floc size was smaller than 50 µm. However, severe 
membrane fouling was not found in the MBMBRC with the smallest mean bio-floc size. In 
addition, other characteristics of the mixed liquor suspension including DOMs were not 
provided in their studies. On the other hand, smaller bio-flocs could enhance mass transfer for 
organic substrates and enable a higher organic removal rate (Sun et al., 2006), which could 
affect membrane filtration performance positively. The results in this study suggested that the 
bio-floc size distribution might play an indirect role in membrane fouling.   
Particle size (µm)











 MBRF MBMBRF MBRC MBMBRC Mean particle size (µm) 61.26 52.71 48.29 36.21 d50 (µm) 61.03 38.65 40.53 25.11   Figure 5.8. Bio-floc size distributions in the four MBRs. 
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As shown in Table 5.9, the differences of concentrations of proteins and carbohydrates 
in the MLS between the two MBRs and two MBMBRs were relatively small. The MBRC and 
MBMBRC only had slightly higher MLSP and MLSC than the MBRF and MBMBRF, 
respectively. Ji and Zhou (2006) also reported slightly higher levels of MLSP and MLSC with 
higher aeration rates. Therefore, the higher shear force in the MBRC and MBMBRC that led 
to the breakage of bio-flocs could contribute to the release of EPS into the MLS. In addition, 
higher average concentration of influent COD observed in the operating period of the MBRC 
and MBMBRC (Table 5.7) could be another reason for the higher MLSP and MLSC 
encountered. Considering the better membrane filtration performances achieved in the MBRC 
and MBMBRC, it could be speculated that, overall, a higher shear force provided by coarse 
bubble aeration might have positive effects on membrane fouling control. 
Table 5.9. Concentrations of proteins and carbohydrates in the MLS 
 MBRF MBMBRF MBRC MBMBRC MLSP 15.00±3.95 10.26±2.52 15.92±1.80 11.20±2.20 MLSC 10.39±3.42 8.81±3.19 11.24±2.11 9.20±1.77  
Membrane fouling resistance distribution was also compared among the four MBRs 
(Table 5.10). Lower RC was found in the MBRC and MBMBRC. The observations indicated 
that the cake layer fouling could be reduced under the coarse bubble aeration. It was 
consistent with our previous findings that higher shear force could control the formation of 
cake layer (Fu et al., 2016). The slower formation of cake layers in the MBRC and MBMBRC 
could contribute to the longer membrane filtration durations achieved.  
Table 5.10. Fouling resistance distribution (×1011 m-1 (%)) 
 MBRF MBMBRF MBRC MBMBRC RC 42.64 (84.3) 40.11 (79.3) 39.75 (78.6) 36.66 (72.5) RPBC 6.57 (12.9) 9.10 (18.0) 9.40 (18.6) 12.49 (24.7) Rm 1.42 (2.8) 1.42 (2.8) 1.42 (2.8) 1.42 (2.8)  
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As cake layer played a dominant role in membrane fouling in the four MBRs, the 
components of the fouling cake layer were analyzed (Table 5.11). Lower amounts of total 
cake layer were found in the MBRC and MBMBRC, which could contribute to the lower RC 
observed. In addition, the TSS in the cake layer was largely reduced under the coarse bubble 
aeration. Furthermore, for the DOMs in the cake layer (Table 5.12), the reductions of total 
DOC in the MBRC and MBMBRC were primarily attributed to the reductions of biopolymers. 
Therefore, the effective control of biopolymers in the cake layer could contribute to the 
improved membrane filtration performance under coarse bubble aeration, as biopolymers 
played a significant role in membrane fouling (Nagaoka et al., 2000, Rosenberger et al., 2006, 
Yun et al., 2006).     
Table 5.11. The components of fouling cake layer (values (%)) 
 TSS (g/m2) CODC (g/m2) CODS (g/m2) Inorganic matter (g/m2) Total (g/m2) MBRF 1.38 (39.8) 0.70 (20.2) 0.27 (7.8) 1.12 (32.2) 3.47 MBMBRF 1.82 (47.5) 0.55 (14.4) 0.23 (6.0) 1.23 (32.1) 3.83 MBRC 0.96 (36.2) 0.49 (18.5) 0.22 (8.3) 0.98 (37.0) 2.65 MBMBRC 1.14(41.5) 0.38 (13.8) 0.17 (6.2) 1.06 (38.5) 2.75  
Table 5.12. Specific concentrations of different organic fractions in the cake layer 
Category Reactor Total DOC (mg/m2) 
Biopolymer (MW > 20k) LMW compounds (MW < 1000) OC (mg/m2) OC (%) OC (mg/m2) OC (%) 
Cake layer 
MBRF 128.9 82.1 63.7 46.8 36.3 MBMBRF 105.6 72.5 68.7 33.1 31.3 MBRC 106.1 61.0 57.5 45.1 42.5 MBMBRC 84.1 43.6 51.8 40.5 48.2  
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5.5 Summary 
In this phase, the effects of bio-carriers filling ratio in the MBMBR were investigated. 
Excellent organic removal efficiencies were achieved in all the bioreactors. Compared to the 
MBR, TN removal was enhanced in the MBMBR20 with the growth of biofilm on the bio-
carriers. It was further improved with higher bio-carriers filling ration in the MBMBR40. 
Furthermore, better membrane filtration performances were achieved in the two MBMBRs. 
Higher bio-carriers filling ratio could mitigate membrane fouling to a greater extent. The 
analysis of mixed liquor suspension and membrane foulants revealed that the longer 
membrane filtration time achieved was associated with lower concentration of DOMs in the 
MLS.  
The effects of coarse bubble aeration on the treatment performances and membrane 
fouling behaviors were also investigated by comparing with fine bubble aeration. The lower 
DO concentration due to the coarse bubble aeration resulted in a higher TN removal by 
denitrification in the MBMBR process. In addition, lower membrane fouling rate was 
achieved in the coarse bubble aeration due to the enhanced shear force, although it could lead 
to the smaller mean bio-floc size and the release of EPS into the MLS. The mitigation of 
membrane fouling obtained was primarily attributed to the effective control of cake layer 
fouling especially the reduction of biopolymers in the cake layer. The microbial communities 
involved in the different treatment performances and membrane fouling behaviors between 
the coarse and fine bubble aeration will be investigated in the future study. 
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CHAPTER 6 COMBINATION OF BIO-CARRIERS 
SCOURING AND BACKFLUSH IN MEMBRANE FOULING 




The mechanical effects of bio-carriers on membrane fouling mitigation have been 
investigated in Phase 1. Although the effective controlling of membrane fouling by the 
mechanical scouring of bio-carriers was achieved, the final TMP jump was still observed 
after 173 days of operation probably due to the gradually accumulation of the dissolved 
organic and inorganic matters. In recent years, physical backflush has been widely applied in 
controlling the development of TMP (Kraume et al., 2009, Vargas et al., 2008, Wu et al., 
2008). During the backflush, the loosely attached cake layer could be removed by the 
injection of backflush water back to the membrane (Wang et al., 2014b). Yigit et al. (2011) 
reported that the reversible fouling caused by PBC and cake layer fouling was effectively 
removed with the backflush. However, backflush by permeate water was found difficult to 
remove irreversible fouling (Judd, 2010). Irreversible fouling is usually referring to the 
membrane fouling that can only be removed by chemical cleaning (Li and Elimelech, 2004). 
For the MBMBRSC in Phase 1 study, only 81.5% recovery rate of membrane permeability 
was achieved during the backflush before the chemical cleaning. Based on this observation, 
both the reversible and irreversible fouling might contribute to the final membrane fouling 
encountered. Therefore, in order to further extend the membrane filtration time and even 
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prevent the final TMP jump, the combination of bio-carriers scouring and backflush with 
pure water was selected in this phase.  
In addition, many studies have investigated the effects of different backflush strategies 
by varying the backflush flux, duration and frequency (Aidan et al., 2008, Hwang et al., 2009, 
Raffin et al., 2012, Smith et al., 2006, Zsirai et al., 2012). After summarizing many studies in 
optimization of backflush strategy, Wang et al. (2014a) concluded that a higher backflush 
flux with a shorter duration is usually more effective in membrane fouling control for a given 
volume of backflush water. Thus a relatively high backflush flux with a short duration was 
selected in this phase. 
The objective of this phase is to investigate the combination of bio-carriers scouring and 
backflush in membrane fouling minimization in the MBMBRsc+bf. The membrane filtration 
performance will be compared with the other three configurations: the MBMBRbf (backflush 
only), MBMBRsc (bio-carriers scouring only) and MBMBR (relaxation only) at a high 
effective membrane flux of 25 LMH.  
 
6.2 Experimental set-up and operating conditions  
Figure 6.1 shows the schematic diagram of four operating modes – the MBMBRsc+bf 
(bio-carriers scouring and backflush), the MBMBRbf (backflush only), the MBMBRsc (bio-
carriers scouring only) and the MBMBR (relaxation only). Each of the reactors had a total 
effective volume of 6.4 L, and was consisted of two compartments - the MBBR compartment 
and the membrane compartment, with effective volumes of 3.73 and 2.67 L, respectively. 
Aeration rate in each compartment was maintained at 2 L/min. 
A flat-sheet ceramic ultrafiltration (UF) membrane module (ItN, German) with a 
nominal pore size of 0.1 µm and a total surface area of 0.08 m2 was immersed into the 
membrane compartment. A total of 3,200 pieces of bio-carriers were dosed into each of the 
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bioreactors; while when operated with the bio-carriers scouring, 640 pieces of bio-carriers 
were dosed into the membrane compartment and the balance of 2,560 pieces were dosed into 
the MBBR compartment. As a result, the bio-carriers filling ratios were 40% for all the four 
operating modes. The operating parameters of each mode are summarized in Table 6.1. The 
TMP of each membrane module was recorded by a digital pressure gauge (SMC, ZSE50F) 
connected between the membrane module and the permeate pump. The pH in each bioreactor 
was monitored by a pH controller (Etatron, HD-PH/P) and the pH was maintained at 7.0±0.3 
by addition of 0.2M NaHCO3 as a buffer solution. Due to the limited wastewater usage, only 
two MBMBRs could be operated in parallel. Therefore, the MBMBRsc+bf and MBMBRbf 
were operated firstly. Then the MBMBRbf was changed to the scouring mode (MBMBRsc) at 
the day 34, and to the relaxation mode (MBMBR) at the day 76 after the TMP was exceeded 
30 kPa. The four MBMBRs were operated with the same effective membrane flux of 25 
LMH under a HRT of 4 h and a SRT of 20 d (same as Phase 3). Pure water was used as the 
backflush water. The sampling and analytical methods were the same as Section 3.2.2 and 
Section 3.2.3. 
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 Figure 6.1. Schematic diagram of the four operating modes. 
 
Table 6.1. Operating parameters of the MBMBRsc+bf, MBMBRbf, MBMBRsc and MBMBR 
Parameter MBMBRsc+bf MBMBRbf MBMBRsc MBMBR Operating (s) 585 585 570 570 Relaxation (s) - - 30 30 Backflush (s) 15 15 - - Backflush flux (LMH) 50 50 - - Operating flux (LMH) 27.03 27.03 26.32 26.32 Operating flow rate (ml/min) 36.0 36.0 35.1 35.1 Effective flux (LMH) 25 25 25 25  
6.3 Results and Discussion  
6.3.1 TMP development 
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The developments of TMP in the four MBMBRs are shown in Figure 6.2. TMP of the 
MBMBRsc+bf and MBMBRbf increased slowly in the early stage of membrane filtration cycle. 
Similar behavior of the TMP development was observed in the first 21 d between the 
MBMBRsc+bf and MBMBRbf. The observation might suggest that the scouring of bio-carriers 
could play a minor role in membrane fouling mitigation in the early stage. After day 21, TMP 
of the MBMBRbf increased rapidly and reached 30 kPa on day 34, while TMP of the 
MBMBRsc+bf increased slowly followed by a plateau where the TMP stabilized around 17.5 
kPa after day 48.  
A higher TMP increase rate was encountered in the early stage of membrane filtration 
cycle in the MBMBRsc compared with the MBMBRbf and MBMBRsc+bf where backflush 
strategy was applied. It took only about 8 d to reach a TMP of 8.8 kPa, while the MBMBRbf 
and MBMBRsc+bf took about 21 d. After day 42, the TMP of the MBMBRsc increased slowly 
and stabilized at a TMP of 8.5 kPa for 5 d. A similar plateau at a TMP of around 8.5 kPa was 
also observed in the MBMBRsc+bf. Subsequently, the TMP of the MBMBRsc reached the 
second plateau on day 55, followed by a rapid increase after day 65. Overall, it took 42 d for 
the TMP to reach 30 kPa for the MBMBRsc. Without the aid of bio-carriers scouring and 
backflush, the MBMBR had the highest TMP increase rate during the entire membrane 
filtration cycle. It took only 3 d to reach the final TMP of 30 kPa. These observations 
suggested that the combination of bio-carriers scouring and backflush could alleviate 
membrane fouling to a greater extent. In addition, both the scouring of bio-carriers and 
backflush could largely extend membrane filtration time. The backflush might play a more 
significant role in membrane fouling control in the early stage of filtration cycle where the 
TMP was below 8.5 kPa, while the scouring of bio-carriers could effectively control 
membrane fouling in the middle stage of filtration cycle where the TMP was between 8.5 and 
20 kPa.   
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 Figure 6.2. TMP profiles of the MBMBRsc+bf, MBMBRbf, MBMBRsc and MBMBR. 
 
6.3.2 Fouling resistance distributions 
To carry out the fouling resistance distributions, the membranes of the MBMBRbw, 
MBMBRsc and MBMBR were taken out once the TMP exceeded 30 kPa, while the 
membrane of the MBMBRsc+bw was taken out on day 80. Figure 6.3 shows the images of four 
fouled membranes in the MBMBRsc+bw, MBMBRbw, MBMBRsc and MBMBR. It is noted that 
the formation of cake layer was effectively controlled in the MBMBRsc+bw, while cake layers 
were readily observed on the membrane surface of the MBMBRbw, MBMBRsc and MBMBR. 
In addition, a thick gel layer was found on the membrane surface of the MBMBR, which 
might suggest the presence of a large amount of organics. The detailed composition of the 
cake layer was discussed in Section 6.3.3.    
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 Figure 6.3. Images of membrane and cake layer solution of the MBMBRsc+bf (day 80), MBMBRbf (day 34), MBMBRsc (day 76) and MBMBR (day 80). 
 
Figure 6.4 summarizes the fouling resistance distributions in the MBMBRsc+bf, 
MBMBRbf, MBMBRsc and MBMBR. The dominant fouling mechanism was found to be cake 
layer formation for the MBMBRbf, MBMBRsc and MBMBR. The MBMBR had the highest 
RC which accounted for 91.3% of RT, and the lowest RPBC. The results suggested that the 
cake layer was rapidly formed on the membrane surface of the MBMBR, which in turn could 
prevent the process of PBC. In addition, the shortest filtration run encountered in the 
MBMBR could also be one of reasons of the lowest RPBC (Ping Chu and Li, 2005).  
The MBMBRsc had lower RC but higher RPBC than the MBMBRbf. Furthermore, the 
MBMBRsc+bf, with the lowest RC, also had higher RPBC than the MBMBRbf, although the 
lowest RT was achieved. Based on these observations, it could be speculated that the scouring 
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of bio-carriers was probably more effective in cake layer fouling control. However, with the 
less protection from the cake layer, the membrane was prone to suffer more PBC, which was 
in agreement with our findings in Section 3.3.5. In addition, compared to the MBMBRsc, the 
lower RPBC was achieved in the MBMBRsc+bf with the much longer operating duration, 
suggesting that the development of PBC could be retarded with the aid of backflush in the 
MBMBRsc+bf.  

















 MBMBRsc+bf MBMBRbf MBMBRsc MBMBR RC (×1011m-1(%)) 14.27 (58.5) 32.47 (78.1) 27.63 (64.7) 38.99 (91.3) RPBC (×1011m-1(%)) 8.70 (35.7) 7.69 (18.5) 13.65 (32.0) 2.29 (5.4) Rm (×1011m-1(%)) 1.42 (5.8) 1.42 (3.4) 1.42 (3.3) 1.42 (3.3) RT (×1011m-1(%)) 24.39 (100) 41.58 (100) 42.70 (100) 42.70 (100)  
 Figure 6.4. Membrane fouling resistance distribution. 
 
6.3.3 Characteristics of membrane foulants 
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The components of the fouling cake layer in the four MBMBRs are summarized in 
Table 6.2. The MBMBRsc+bf had the lowest amount of total cake layer. TSS, organic and 
inorganic matters in the cake layer were all effectively controlled by the backflush and 
mechanical scouring of bio-carriers. In addition, lower amounts of TSS, organic and 
inorganic matters were found in the MBMBRsc than the MBMBRbf, which was consistent 
with the results of RC (Figure 6.4). Notably, much higher amount of organic matters was 
found in the cake layer of the MBMBR. Moreover, the relative abundance of organic matters 
(both colloidal and soluble organics) was even higher than the TSS. However, the TSS was 
normally reported as the major contributor to the cake layer (Jin et al., 2013, Meng et al., 
2007). Therefore, the results suggested that the rapid formation of cake layer encountered in 
the MBMBR was probably attributed to the fast accumulation of organic matters.  
Table 6.2. The components of fouling cake layer (values (%)) 
 TSS (g/m2) CODC (g/m2) CODS (g/m2) Inorganic matter (g/m2) Total (g/m2) MBMBRsc+bf 0.33 (46.5) 0.13 (18.3) 0.05 (7.0) 0.20 (28.2) 0.71 MBMBRbf 1.05 (59.3) 0.27 (15.3) 0.11 (6.2) 0.34 (19.2) 1.77 MBMBRsc 0.92 (56.4) 0.24 (14.7) 0.10 (6.1) 0.37 (22.7) 1.63 MBMBR 0.58 (39.7) 0.55 (37.7) 0.21 (14.4) 0.12 (8.2) 1.46  
The characteristics of DOMs in the cake layer are shown in Table 6.3. The concentration 
of DOMs in the cake layer was found positively correlated with RC. The MBMBR had largest 
amount of biopolymers in the cake layer, which could lead to the highest RC encountered, as 
biopolymers were the major contributor to the filtration resistance (Nagaoka et al., 2000, Yun 
et al., 2006). Comparing with the MBMBR, both the MBMBRbf and MBMBRsc had much 
lower amount of biopolymers in the cake layers, indicating that both the backflush and bio-
carriers scouring could control the accumulation of biopolymers in cake layer.  
The MBMBRsc+bf had the lowest amount (4.4 mg/m2) as well as the lowest relative 
abundance (16.4%) of biopolymers in the cake layer. The results suggested that the 
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combination of bio-carriers scouring and backflush was able to reduce the accumulation of 
DOMs especially biopolymers in the cake layer to a further extent. As a result, the lowest RC 
was achieved in the MBMBRsc+bf. In addition, the concentration of DOMs in the PBC was 
found positively correlated with RPBC. The MBMBRbf achieved much lower amount of 
DOMs especially LMW compounds comparing with the MBMBRsc. Thus it could be 
speculated that backflush was more effective in the mitigation of PBC. 
Table 6.3. Specific concentrations of different organic fractions in the cake layer and PBC foulants of the MBMBRsc+bf, MBMBRbf, MBMBRsc and MBMBR (mg/m2) 
Category Reactor Total DOC (mg/m2) 
Biopolymer (MW > 20k) LMW compounds (MW < 1000) OC (mg/m2) OC (%) OC (mg/m2) OC (%) 
Cake layer 
MBMBRsc+bf 26.6 4.4 16.4 22.3 83.6 MBMBRbf 52.1 17.6 33.7 34.6 66.3 MBMBRsc 47.5 11.0 23.2 36.5 76.8 MBMBR 86.0 36.6 42.6 49.4 57.4 
PBC 
MBMBRsc+bf 21.9 3.6 16.4 18.4 83.6 MBMBRbf 10.3 2.4 23.6 7.8 76.4 MBMBRsc 33.2 4.7 14.2 28.5 85.8 MBMBR 6.2 0.6 10.0 5.6 90.0  
The major inorganic ions in the membrane foulants were found to be SO42-, PO43-, Ca2+, 
Mg2+ and NH4+ (Table 6.4). The lowest amount of inorganic ions was found in the cake layer 
of the MBMBR, although it had the highest RC. Therefore, the severe cake layer fouling in 
the MBMBR could be more attributed to the organic matters rather than the inorganic 
matters. In addition, the combination of bio-carriers scouring and backflush was more 
effective in controlling inorganic matters in cake layer than the backflush or bio-carriers 
scouring individually, as the MBMBRsc+bf had the lower amount of inorganic ions than the 
MBMBRbf and MBMBRsc.  
The MBMBRsc+bf had lower amount of inorganic ions in the PBC foulants than the 
MBMBRsc. Moreover, severe PBC by inorganic matters was not found in the MBMBRsc+bf 
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comparing with the previous results in Section 3.3.5 of Phase 1 study. Therefore, the 
accumulation of inorganic matters might be retarded after combining the backflush with bio-
carriers scouring.  
Table 6.4. Inorganic contents in the cake layer and the PBC foulants of the MBMBRsc+bf, MBMBRbf, MBMBRsc and MBMBR (mg/m2) 
Category Reactor NH4+ Mg2+ Ca2+ PO43- SO42- 
Cake layer 
MBMBRsc+bf 7.6 6.4 52.8 60.0 70.2 MBMBRbf 15.3 12.0 85.5 105.9 122.3 MBMBRsc 10.2 15.3 95.0 114.0 133.9 MBMBR 2.5 1.9 38.4 30.9 47.3 
PBC 
MBMBRsc+bf 3.4 11.9 57.4 61.4 84.7 MBMBRbf 0.8 8.4 44.3 49.2 60.8 MBMBRsc 2.9 14.7 83.9 77.3 142.0 MBMBR 4.0 4.1 22.1 20.4 45.9  
Overall, the cake layer fouling could be further reduced with the combination of bio-
carriers scouring and backflush. The accumulation of dissolved organic and inorganic matters 
in the PBC foulants, as the possible contributor to the final membrane fouling observed in the 
MBMBRSC in Phase 1, was also controlled effectively. After the operation, no damage for the 
membrane surface was found. The membrane permeability was fully recovered after 
chemical cleaning. Therefore, the combination of bio-carriers scouring and backflush could 
enable membranes to operate with a longer duration and less frequency of chemical cleaning. 
In addition, no damage was observed for the membrane used in the bioreactors with bio-
carriers scouring. However, a much longer operating period in future study is required to 
investigate whether the degree of PBC can be controlled in a certain level and the TMP can 
be maintained at a certain value.    
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6.4 Summary 
In this phase, the combination of bio-carriers scouring and backflush in membrane 
fouling minimization in the MBMBR was investigated. Both the scouring of bio-carriers and 
backflush could largely extend the membrane filtration duration. The backflush might play a 
more significant role in membrane fouling control in the early stage of filtration cycle, while 
the scouring of bio-carriers could control membrane fouling more effectively in the middle 
stage of filtration cycle. Furthermore, the combination of bio-carriers scouring and backflush 
could alleviate membrane fouling to a greater extent. 
Both the bio-carriers scouring and backflush showed effective mitigation of cake layer 
fouling, while the fast accumulation of organic matters in the cake layer led to the severe 
fouling in the MBMBR where neither of the bio-carriers scouring and backflush was applied. 
In addition, with the combination of bio-carriers scouring and backflush in the MBMBRsc+bf, 
the cake layer fouling was further reduced and the accumulation of dissolved organic and 
inorganic matters in the PBC foulants was also retarded. Therefore, the combination of bio-
carriers scouring and backflush could enable membranes to operate with a longer duration 
and less frequency of chemical cleaning. A much longer operating period in future study is 
required to investigate the possibility of the chemical cleaning-free operation.  
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In this study, the property of the MBMBR process for successful application in domestic 
wastewater treatment was investigated. The study was divided into four phases. In these four 
phases, the contribution of the physio-chemical versus mechanical effects of bio-carriers on 
membrane fouling in the MBMBR was evaluated. Further, the treatment performance, 
membrane fouling behavior and microbial populations in the MBMBR process under 
different operating conditions were systematically investigated. In addition, the combination 
of bio-carriers scouring and backflush in membrane fouling minimization was also evaluated. 
The major conclusions achieved could be summarized as follows: 
(1) The scouring of the membrane surface by bio-carriers could effectively control 
membrane fouling by enhancing the shear force on the membrane surface. The effects of bio-
carriers on mitigation of membrane fouling relied more on the mechanical effects of bio-
carriers scouring, rather than the physio-chemical effects of mixed liquor suspension. 
(2) The concentration of DOMs showed a strong correlation with membrane filtration 
performance in the entire study. The MBMBR process could enhance membrane filtration 
performance than the MBR primarily due to the lower concentration of biopolymers 
including lower concentrations of proteins and carbohydrates in the MLS, which were 
probably attributed to the higher abundance of Genus uncultured (0.1.6.5.1.16.6) within the 
family of Saprospiraceae. 
(3) The lower DO concentration due to the coarse bubble aeration resulted in the higher 
TN removal by denitrification in the MBMBR process. The TN removal efficiency could be 
 135 | P a g e   
further improved with higher bio-carriers filling ratio. In addition, the coarse bubble aeration 
could reduce membrane fouling rate due to the enhanced shear force, although the smaller 
bio-floc sizes and the release of EPS into the MLS were encountered. 
(4) The combination of bio-carriers scouring and backflush could alleviate membrane 
fouling to a greater extent due to the reduction in cake layer fouling that was found to be the 
major fouling mechanism in the most of bioreactors investigated. Further, the accumulation 
of dissolved organic and inorganic matters in the PBC foulants could also be retarded.  
 
7.2 Recommendations 
7.2.1 Selection of operating conditions for pilot-scale system 
The results obtained in this study demonstrated that the MBMBR process could be 
successfully applied in domestic wastewater treatment with better treatment performance and 
membrane filtration performance than the conventional MBR. Various operating conditions 
were adopted in the operation of the MBMBR in this study. Therefore, the experimental data 
could provide some guidance for the selection of the optimum operating conditions in pilot-
scale applications. However, due to time constraints, the MBMBRs were only investigated at 
three SRTs, two HRTs and two bio-carriers filling ratio in this study. In addition, due to the 
limited number of ceramic membrane available in this study, the cake layer fouling has not 
been decoupled into the cake thickness increase and the cake specific resistance change. In 
order to further implement the MBMBR in a full-scale treatment plant, future studies under 
more operating conditions are necessary and crucial.  
 
7.2.2 In-depth investigation and understanding of microbial communities 
The microbial community structures under different operating conditions were 
investigated in this study. Some bacterial populations directly or indirectly associated with 
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treatment performances and membrane fouling behaviors were found. The results obtained 
could provide a better understanding on the mechanisms involved in the MBMBR 
applications. However, many bacteria sequences detected in this study were within unknown 
genera, which could be an obstacle for the complete understanding of the mechanisms 
involved in the bioreactors. Therefore, in-depth investigation and understanding of those 
unknown species are necessary in future studies.   
 
7.2.3 Application of bio-carriers scouring in pilot-scale system 
The mechanical scouring of bio-carriers was proved to be effective in membrane fouling 
mitigation in lab-scale system. The combination of bio-carriers scouring and backflush could 
further improve the membrane filtration performance. However, due to the limited 
wastewater usage, only one piece of membrane was adopted in each bioreactor. The effects of 
mechanical scouring on membrane fouling might be largely different in a pilot-scale system 
with a more complicated arrangement of membrane elements. In addition, for the successful 
implementation of bio-carriers scouring in a pilot-scale system, a membrane module with the 
special designed aeration system and membrane element arrangement is required to optimize 
the mechanical scouring of bio-carriers. Furthermore, a much longer operating period in 
future study is required to investigate the possibility of a chemical cleaning-free operation 
with the combination of bio-carriers scouring and backflush in the pilot-scale system.   
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